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Abstract 
 
Investigation of the qualities of of flax and fibre hemp has been promoted by the need 
of agriculture to find new plant production methods and application areas. There is also 
interest in industry to find appropriate applications for natural fibres. A typical technical 
application for bast fibres is thermal insulation. The thermal performance of bast fibre 
insulations has been investigated in previous studies, but there is a lack of information 
concerning fibre quality during the production chain.  
In order to produce short fibre by inexpensive means, pilot processes were established. 
The present study included the whole production chain from the field to fibre raw material 
for insulations. Processing consisted of mechanical shortening, separation and upgrading. 
Several quality properties of Linum and hemp fractions were examined. Some of the 
properties, i.e. shive content, length, thickness and bulk density were used mainly to 
characterise the overall ability of the production methods to produce short fibre material for 
insulations. Secondly, some of the quality properties (microbial content, ash) were used to 
examine the hygienic quality of the fibre. Thirdly, methods were used to indicate changes in 
the quality of the fibre during the processing chain before it is processed into insulations.  
On the basis of the results obtained, the quality of the fibre can be affected by the 
following conditions and technological means: Shive content of the fibre can be decreased by 
milling retted, dry stems with a small screen size and using effective screening methods. 
With the equipment used in this study, shive residue cannot be removed completely. Ash 
content of the fibre can be reduced by retting and removing the finest particles by screening. 
Soil contamination which increases the ash amount is a risk for hygienic quality but in the 
present study no correlation was found between the microbial and ash contents of the 
fractions. The diameter of the screen hole of a hammer mill should be approximately 1.5-3 
times the required length maximum of a required length distribution, which will be nearly 
log-normal. Frost-retting yields bent, folded and curly fibres with a high proportion of small 
diameter fibres. Frost-retted fibres contain less moulds but more bacteria than fibres 
harvested in the autumn. The frost-retted fibres absorb less moisture from air and may resist 
moulding somewhat better than unretted fibres. The spring-harvested hemp fibres have a 
high capillary absorption rate. When harvesting the stems green in autumn, straight and stiff 
fibres which separate poorly from stems are obtained. The unretted or slightly retted green 
fibres have a higher EMC (equilibrium moisture content) and they mould easily due to the 
higher nutritional content compared to frost-retted fibres. The hygienic quality of bast fibre 
plants can be assessed with e.g. dipslides. The milling and separation process yields fibre 
with a lower microbial content compared to the stem in the field or after harvesting. All the 
examined bast fibre raw materials and commercial insulations made of bast fibres mould in 
humid conditions (> 90 % RH of air), leading to emissions to air. Drying increases emissions 
from moist, moulded bast fibre materials. To avoid these effects, increase of additives, 
reduction of the nutrition level of the bast fibres or restriction of RH below 80 % is needed. 
Bast fibres are suitable for use as insulation materials due to their thermal properties 
and some ecological features, i.e. biodegradability. However, controlled procedures during 
harvesting, processing, manufacturing and building are required in order to avoid the risk of 
negative effects caused by contaminants, moisture and free water. Furthermore, the 
nutritional level (retting degree) of the fibres is an important determinator affecting the decay 
of these fibres. There is an increasing interest in ecological values and renewable materials, 
promoting e.g. the use of agro-based materials in the building sector and also in other 
applications. To overcome the risk factors, quality control must be adopted for the whole 
production chain of bast fibres. 
Key words: Thermal insulations, flax, linseed, hemp, fraction, fibre, shive, production 
chain, harvest time, frost-retting, quality properties.  
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Abbreviations 
 
d.b. Dry basis (db), related to oven-dry mass  
dw Dry weight (oven dry mass) [g or kg] 
DP Degree of polymerization, the average number of anhydroglucose units in one 
cellulose chain (Lennholm et al. 2003). 
EMC Equilibrium moisture content [% (w.b.)]  
HACCP  Hazard Analysis Critical Control Point 
k or λa Thermal conductivity [W/(m·K)]  
MC Moisture content [% (w.b. or d.b.)]  
m Mass [g or kg] 
RH  Relative humidity of air [%] 
ρ Bulk density [kg/m3] 
t Time [s, h or d ] 
T Temperature [°C] 
VOC Volatile organic compound 
w.b. Wet basis (wb), related to actual ("wet") mass 
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1 Introduction 
1.1 Production of bast fibres 
 
Flax is an old agricultural plant that was widely grown in the whole Europe and also in 
Finland before the promotion of cotton. Unlike in other parts of Europe, in Finland growing 
of hemp has not been as popular as the growing of flax. In the beginning of the 20th century, 
the growing area of flax and hemp was somewhat below 6600 ha in Finland (Lehtonen 
1949). The growing areas of flax and fibre hemp are nowadays small compared to the 19th 
century and beginning of the 20th century (Dambroth and Seehuber 1988, Bocsa et al. 2000). 
The growing area of flax and linseed was a little over 2000 ha in 2003 in Finland, and only 
16 ha of fibre hemp was cultivated in the same year (Figure 1). In Europe, approximately 146 
000 ha of linseed, 140 000 ha of flax and 12 000 ha of fibre hemp were cultivated in 2002 
(Figure 2). In addition to alternative sources of fibres, e.g. from cotton, other reasons leading 
to decrease of the growing area of flax were availability of the sowing seed and the 
traditional, labourious and time-consuming processing techniques which required special 
skills and equipment (Lehtonen 1949). The worldwide growing area of the oil seed plant 
linseed is greater than the growing areas of the fibre plants flax and hemp. The main 
production areas of linseed are the Far East and Canada (Figure 2).  
 
Bast fibres of flax and hemp have traditionally been used for textiles, but they can also be 
used e.g. for composites, building materials, paper products and packages. There is an 
increasing interest in ecological values and renewable materials, and products are 
increasingly chosen on the basis of their quality merits, including environmental quality 
(Lorch 1990). One reason for the promotion of bast fibres as an alternative to cotton is that 
flax and hemp can be grown in moderate climates and they require relatively low input to 
give high yields (Ebskamp 2002). The bast fibre plants offer one alternative for agricultural 
production, where the need to find non-food plants as alternatives to food plants is discussed. 
The total yield of Linum was between 4000 and 6000 kg/ha and of hemp was approximately 
7000 kg/ha and the yield of the bast fibres from the stems approximately 15 % in a study by 
Pasila (2004). This indicates that the amount of separated fibre from domestic sources is very 
low compared to the potential needs of production.  
 
 12
Figure 1. Growing areas of flax, linseed and hemp in Finland during the period 1995-2003. 
*Growing area of hemp includes both oil and fibre hemp during 1995-2000 (TIKE  2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Harvested areas of flax, linseed and fibre hemp in Europe, the Russian Federation, 
the Far East, Canada and USA in 1995-2002. Area data of linseed for Russia and a few minor 
producing countries relate to crops grown for both seed and fibre. Data of flax and hemp 
refer generally to scutched and hackled fibre and include tow (FAOSTAT 2004). 
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1.2 Use of bast fibres in thermal insulations 
 
The use of natural fibres in insulation is closely linked to the ecological building sector 
(Murphy et al. 1997), where selection of materials is based on factors including recyclable, 
renewable raw materials and low-resource production techniques. Furthermore, cellulosic 
insulations have a higher moisture regain than inorganic materials, and therefore only 
cellulosic materials are recommended for old timbered houses (RIL 1984, Museovirasto 
2000). Types of insulations include e.g. fibre boards, loose fills, blankets and building blocks 
(Scott 1984), and major composition types are flake, fibrous, granular, cellular and reflective 
(Turner and Malloy 1981). Tow of flax and hemp fibres has traditionally been used in 
insulation tapes between timbers (RIL 1991), but during the past decade several types of 
mats and loose fill insulations have been developed into commercial products. Nowadays 
also loose-fill insulations and insulation sheets of different thickness are produced for 
insulation of common houses. However, flax and hemp insulations are still considered as 
new materials in the field of insulations. 
 
In 2001, France and Germany were the biggest producers of hemp insulations in Europe, 
where approximately 1500 ha of hemp were grown for this purpose (Nova-Institut 2003). 
Bast fibre insulations nowadays form an extremely minor part of the insulation market in 
Finland and throughout Europe (e.g. in Germany below 0.5 %) (Turunen 2001, Nova-Institut 
2003, Papadopoulos 2004). One reason for the relatively small volume is the two-threefold 
higher price of bast fibre insulations compared to e.g. the price of mineral wool. On the other 
hand, typical positive arguments for these insulations are their ecological properties, e.g. low 
energy demand in production, potential for recycling, and positive effect on indoor air (Heier 
and Heintges 1999, Nova-Institut 2003).  
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1.3 Botanical, morphological and chemical features of Linum and fibre hemp plants 
 
Flax (Linum usitatissimum L.) is an annual bast fibre plant belonging to the genus Linum and 
the family Linaceae (Sultana 1992a). By breeding, different varieties of Linum have been 
developed for production of fibre and oilseed (Table 1). Varieties of Linum bred for fibre use 
are called flax, whereas the oilseed varieties are called linseed, oilseed flax or just flax. In the 
present study the term “flax” means fibre flax, “linseed” means oilseed varieties and 
“Linum” refers to both types. Because flax crops have taller stems, the total fibre yield is two 
to three times higher than that of linseed crops (Easson and Molloy 1996).  
 
Hemp (Cannabis Sativa L.) is a member of the family Cannabinaceae in the genus 
Cannabis. Hemp is an annual, naturally dioecious herbaceous plant with a slender stem 
ranging in height from 1.2 to 5 m. As in the case of Linum, both fibre and seed varieties have 
been bred (Berger 1969).  
 
The main parts of the flax stem are presented in the following (1-4) and in Figure 3. Bast 
fibre is commonly the most wanted fraction of the stem, and in order to derive the bast fibre, 
the structure of the plant leads to a need of special separation techniques. On the other hand, 
the different parts of the plant, i.e. bast fibre and woody core, can be utilized in products 
where their specific properties are utilized.  
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Table 1. Differences between Linum types (modified from Haudek and Viti 1978). 
Property Flax Combined Linseed  
Height of the plant (cm) 60-150 100-105 40-70 
Branching Poor Medium Copious 
Number of seed capsules 
per stem 
2-7 10-15 6-20 
Amount of long (textile) 
fibre (%) 
12-18 9-15 0 
Quality of fibre Suitable for textiles and 
technical purposes 
Not mentioned Suitable for technical 
purposes 
 
 
 
 
 
 
 
 
 
 
Figure 3. Diagrammatic cross section of the flax stem. 
 
 
1. Epidermis (outer layer), which is covered by cuticula (surface layer). The cuticulum 
consists of waxy substances and its function is to protect the plant from drying (Haudek 
and Viti 1978). The epidermis contains approximately 40 pores (stomata) per mm2 
(Peters 1963) and colour binding media (Haudek and Viti 1978). The plant ventilates and 
regulates the evaporation of water with stomata (Haudek and Viti 1978). Peters (1963) 
indentified the cortex, located below the epidermis, as a separate layer. It consists of one 
or two layers of cells with an almost circular cross section and containing colours and 
pectins (Peters 1963). 
2. The bark layer, consisting of fine cells and containing chlorophyll, is important for the 
nourishment of the plant (Haudek and Viti 1978). In the bark are located the 20-50 fibre 
bundles, each containing 10-40 single cells or elementary fibres (Peters 1963, Haudek 
and Viti 1978). In plant anatomy, fibre is defined as a long, tapering schlerenchyma cell, 
which does not transport water (Mauseth 1988).  
3. Because the fibre consists of several layers, it can be described as a laminated composite 
(Mark and Gillis 1983). Cambium distinguishes the wooden and bast fibre layers from 
epidermis, cuticulum and cortex 
wood and core layer 
lumen 
bark layer and bast fibre bundles 
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each other. Cambium exists only during growth of the plant and assimilates finally to the 
bark and wood layers (Haudek and Viti 1978). 
4.  Xylem (wood layer) consists of short, thick and strong-walled wood cells, which 
provide mechanical strength to the plant. Lignin is formed in the wooden layer 
(Dambroth and Seehuber 1988). Shive means wooden chips produced mechanically from 
the xylem layer. It consists of woody fibres of xylem, but in the present study the term 
“fibre” is used only for bast fibres. The core layer is the innermost part of the wooden 
layer, consisting of loosely packed core cells (Haudek and Viti 1978).  In the middle of 
the stem is the lumen (cavity).  
 
The construction of hemp stem is similar, but there are two kinds of bast fibre bundles in the 
bark layer: outer primary bundles and inner secondary bundles. The primary bundles contain 
2-20 and the secondary bundles over 40 single cells. The length and the diameter of the 
primary bundles are greater than those of the secondary bundles (Haudek and Viti 1978). 
 
The elementary fibres (single cells) of Linum and hemp consist of layers (Figure 4). The 
single cell of flax is cylindrical in shape, with ends tapering off to a sharp point and with 
several dislocations, or nodes. There is a lumen inside the cell, usually filled with 
protoplasm. The ratio of length to width is approximately 1200. The single cells of hemp are 
rather similar. The elementary fibres of hemp are joined into thick bundles, there is lignin in 
the outer side of the cross section, the lumen is usually not filled with protoplasm and the 
ends of the cells are not sharp (Mauersberger 1948). The structure of the single cell of flax is 
very fine. The cell layers consist of fibril strands, which in turn consist of macro and micro 
fibrils. The structure of the hemp cell is similar, but the direction of twisting of primary and 
secondary walls is different (Haudek and Viti 1978). 
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Figure 4. Structure of the bast fibre bundle of flax (Haudek and Viti 1978). Location of the 
bast fibre bundles in a stem is presented in Figure 3. For dimensions of the fibres, see Tables 
2 and 3. 
 
 
Fibres of flax and hemp are relatively long (Table 2). In the present context, short fibre 
means fibre bundles resulting from milling. However, in the literature the term short fibre has 
various meanings, i.e. elementary fibres (Kessler et al. 1998) equal to “natural short fibres” 
after Kaul et al. (1994), or residual fibre bundles (tow). The term “Super short fibres” 
(Superkurzfasern) has been used for hemp fibres with a length below 10 mm (Nova-Institut 
2003), and the term “Industrial fibres” for 10-30 mm or 10-100 mm long flax fibres 
(Gottschalk 2001). The term short fibre can also be used for parts of the single fibril (Figure 
4). Technical fibre refers to fibre derived from a plant from which the roots and capsule 
branches have been removed, and the bast fibre bundle may thus have become somewhat 
shortened. The final length of the fibre depends on the production method, and therefore the 
Lumen (L) 
Tertiary wall (T) 
Elementary 
fibril 
Micro 
fibril 
Macro 
fibril 
Fibre strand  
Single cells 
(elementary fibres)
Inner  
Outer 
Secondary 
wall  
(I and O) 
Primary wall (P) 
Middle 
lamella (M) 
L 
T 
I 
O 
P 
M 
Fibre 
layers Bast fibre 
bundle 
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lengths mentioned in Table 2 are only a background data for the length of the final fibre. The 
length of a fibre bundle of flax is shorter than that of hemp, as is length of the plant. The data 
given in the literature varies considerably depending on e.g. variety, the height of the plants, 
definition of the fibre bundles and elementary fibrils and the measurement method. The 
length of the fibre of hemp shive is approximately 0.25 mm (Smook 1992).  
 
The thickness of flax and hemp fibres is usually defined as thickness of an elementary fibre 
(Table 3). Thickness affects the properties of the fibre via e.g. the amount of glueing agents. 
Thickness does not explain the ratio of cell wall and lumen, which however has importance 
e.g. for capillarity. 
 
Density and related parameters are often used to define the structure of fibres. Due to 
different habits of e.g. textile industry, agriculture, wood industry and the building sector, 
terms and units of density are used heterogeneously. Bulk density (volumetric density) 
includes the pores in the structure. Bulk density of a fibre thus means the wall and lumen of a 
fibre (Mark and Gillis 1983), and bulk density of a fibre conglomerate (e.g. loose-fill 
insulation) means the wall and lumen of the fibre together with the space between the 
individual fibres (II, V). The diameter of a fibre varies and the true fibre density would be 
difficult to measure (Warner 1995). Therefore bulk densities of flax and hemp are presented 
in Table 4. According to Kozlowski et al. (1997), the bulk density of a hemp stalk (moisture 
content 15 %) is 120 kg/m3 and that of loose hemp shive 100-140 kg/m3 (Murphy et al. 
1997). Despite the specification “bulk”, comparison of the bulk density numbers is only 
indicative, because the measurement methods (including degree of compression of the 
material) and moisture content are often not known. In the textile branch, an often used 
quality property for bast fibres is fineness, sometimes called linear density, and it is 
expressed in tex (1 tex = 1 g/km) (SFS 2601, 1970). Fineness values of flax and hemp are 
presented in Table 4. 
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Table 2. Length of a fibre bundle and elementary fibre of flax and hemp. 
Fibre bundle (mm) Elementary fibre (mm) 
Flax Hemp Flax Hemp 
Reference 
310-910 1020-2030 - - Mauersberger 1948 
150-1020 - 5-66  
(mean 25-32) 
10-36 (mean 25) Peters 1963 
- - 25-30 5-55 (mean 20) Garner 1967 
100-800 1000-3000  
600-750 (after 
processing) 
25-40 10-30 Haudek and Viti 1978 
200-1400 1000-2250 20-40 15-30 Anon. 1983 
- - 27-36  
(mean < 50) 
Mean > 8 The Textile Institute 1985 
300-380 - - 12-25 Needles 1986 
- - Mean 25-55 - Langenhove and Bruggeman 
1992 
- - Mean 55 Mean 20 Smook 1992 
- not mentioned 
 
 
Table 3. Thickness of a fibre bundle and of elementary fibre of flax and hemp. 
Fibre bundle (mm) Elementary fibre (mm) 
Flax Hemp Flax Hemp 
Reference 
- - 0.010-0.020 * - Peters 1963 
- - 0.012-0.025 0.016-0.050  
(Mean 0.022)** 
Garner 1967 
0.1-0.2 0.5-5 0.010-0.025 0.022 Sundquist 1977 
- - 0.010-0.035 0.015-0.050 Haudek and Viti 1978  
- - 0.010-0.030 0.016-0.032 Anon. 1983 
- - 0.018-0.022 - The Textile Institute 1985 
- - Mean 0.015-0.035 - Langenhove and Bruggeman 
1992 
- - Mean 0.020 Mean 0.020 Smook 1992 
0.5-0.2 (unretted) - - - Kromer et al. 1995 
- not mentioned 
* ratio of length of an elementary fibre to its length 1100-1200 : 1 
** diameter of an elementary fibre varies considerably according to length  
 
 
Table 4. Density and fineness of flax and hemp fibre. 
Bulk density*  (kg/m3) Fineness (tex) 
Flax Hemp Flax Hemp 
Reference 
1480-1500 
 
1480-1500 0.1-0.5 (elementary fibre) 0.2-0.6  
(elementary fibre) 
Haudek and Viti 
1978 
1430 (raw)  
1520 (bleached) 
1450 (raw)  
1530 (bleached) 
0.2-0.3 (elementary fibre) 
appr. 2 (technical fibre) 
0.3-0.4  
(elementary fibre) 
Anon. 1983 
1500 - - - The Textile 
Institute 1985 
- - 0.1-0.7 - Morris 1989 
1300 (unretted 
fibre bundle) 
- - - Kromer et al. 1995 
- not mentioned 
* Density of fibres is usually expressed as g/cm3 in literature. Density values in the Table were converted from 
g/cm3 to kg/m3. There is typically no specification of the type of density for which the values are given. 
However, the density values refer the most probably to bulk densities of fibres. 
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The typical chemical compositions of Linum and hemp are presented in Table 5. There is a 
wide variation in the data given in the literature depending on e.g. differences in the 
examined materials, retting degree, chemical, biochemical and physical processing and 
research methods. The stems of Linum and hemp consist mainly of cellulose, hemicellulose 
and lignin. The amount of lignin is somewhat higher in the hemp stem, which is stiffer and 
more difficult to break down than the stem of Linum (Haudek and Viti 1978). Lignin is 
mainly located in the woody core (shive), which however contains more cellulose than 
lignin. The composition of shive is rather similar to that of wood (Eklund and Lindström 
1991). The bast fibre consists mainly of cellulose and hemicellulose. The chemical 
composition varies somewhat in the various parts of the stem: e.g. the amount of lignin in the 
flax fibre is 3.8 % in the root, 2.4 % in the stem and 1.7 % in the top (Mauersberger 1948). 
The chemical composition of hemp changes during the growing season: the amount of 
cellulose increases but after flowering lignification sets in (Struik et al. 2000). The amounts 
of pectin, fats and waxes are minor but they have special functions in the plant.  
 
Only a limited amount of information is available on the mineral content of flax and hemp. In 
a study by Sharma (1992b), the amounts of most minerals (P, K, Na, Ca, S, Cu, Zn, Fe and 
Mn) decreased during retting in flax shive. 
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Table 5. The main chemical components of the stem, fibre and shive of Linum and fibre 
hemp (%) (% means mass fractions). 
Component Linum Fibre hemp Reference 
 Stem, 
mature 
Fibre, 
unretted 
Fibre, 
retted 
Shive Stem* Fibre** Shive  
Cellulose - 63 71 - - - - Peters 1967 
 - - 65 - - - - Haudek and Viti 
1978 
 - 57 64 - - 67 - Anon. 1983 
 60 - - - - - - Dambroth and 
Seehuber 1988 
 - - - 40-46 - - - Sharma 1992b 
 - - - 36-47 - 60-67 40-52 Kozlowski et al. 
1997 
 - - - - appr. 
59-67 
- - Struik et al. 2000 
Lignin - 3 2 - - - - Peters 1967 
 - 3 3 - - 4 - Haudek and Viti 
1978 
 - 3 2 - - 3 - Anon. 1983 
 - 2-5*** -   -  Focher 1992 
 27 - - - - - - Dambroth and 
Seehuber 1988 
 - - - 23-28 - - - Sharma 1992b 
 - - - 24-30 - 3-14 22-30 Kozlowski et al. 
1997 
 - - - - appr. 
54-62 
- - Struik et al. 2000 
Hemi-
cellulose 
- 17 19 - - - - Peters 1967 
 - - 16 - - - - Haudek and Viti 
1978 
 - 15 17 - - 16 - Anon. 1983 
 - - - 25-26 - - - Sharma 1992b 
 7 - - - - - - Dambroth and 
Seehuber 1988 
Pectin - 4.2 2.0 - - - - Peters 1967 
 - - 3.0 - - - - Haudek and Viti 
1978 
 - 3.8 1.8 - - 1.0 - Anon. 1983 
 3.0 - - - - - - Dambroth and 
Seehuber 1988 
Fat and wax - 1.4 1.7 - - - - Peters 1967 
 - - 1.5 - - - - Haudek and Viti 
1978 
 - 1.3 1.5 - - 0.7 - Anon. 1983 
 - - - 1.2-1.3 - - - Sharma 1992b 
 - - - 0.5-1.6 
**** 
- - 0.5-1.0 
**** 
Pasila 2004 
 - - - 0.5-0.8 
***** 
- - 0.3-1.4 
***** 
Pasila 2004 
- Not mentioned 
* The variation interval refers to the change of chemical composition due to changes in the maturity of the stem. 
** For hemp, there is no available separate data for unretted and retted fibre. 
*** Depends on the retting degree. 
**** Spring harvested. 
***** Autumn harvested. 
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Cellulose is one of the main components of the cell wall. This polysaccharide is a linear 
polymer of β-D-glucose connected by 1→4-glucosidic linkages. The cellulose polymer 
chains form ordered three-dimensional structures. Several cellulose polymers are synthesized 
into cellulose microfibrils. The microfibril structure is composed of sheets formed of 
cellulose chains, and the sheets are held together by hydrogen bonds. Cellulose often has a 
high DP and the microfibrils are thus rather long. The microfibrils have regions in which the 
cellulose chains are ordered (crystalline cellulose) or unordered (amorphous cellulose). 
Cellulose provides a cell layer (cell wall) together with hemicellulose and lignin (Lennholm 
et al. 2003). It assists biological degradation of cellulose when water swells individual fibres 
assisting the access of harmful substances present to attack the cellulose (Sharma 1992a).  
 
Hemicelluloses are a distinct and separate group of polysaccharides, commonly defined as 
cell wall polysaccharides of land plants other than cellulose and pectin (Teleman 2003). 
Hemicelluloces are present in the whole fibre, i.e. in the middle lamella, primary wall and 
secondary wall, joined together with cellulose and lignin (Focher 1992). The structure of 
hemicellulose is not as strictly defined as that of cellulose (Mauseth 1988). Hemicellulose is 
located in the matrix between cellulose fibrils in the cell wall. It is possible that 
hemicellulose serves as an interface between the cellulose and lignin, perhaps facilitating 
encrustation of the fibrils. The chemical and thermal stability of hemicellulose is generally 
lower than that of cellulose. The capacity of plant polymers to bind or store water is as 
follows: pectin > hemicellulose > cellulose > lignin (Teleman 2003).  
 
Pectins are acidic, irregular and susceptible polysaccharides that are present in the middle 
lamella between cells of all types (Teleman 2003). According to Peters (1963), pectins are 
located in the cortex under the epidermis, but according to Focher (1992) mainly in the 
primary wall and middle lamella of the fibre. Pectins contribute to the mechanical properties 
of the cell wall and influence cell adhesion, and are very easy to dissolve (Teleman 2003). 
 
Lignin is a hydrophobic polymer that fills the space between the cellulose microfibrils and 
hemicellulose. It has a complex three-dimensional structure, consisting of monomers 
connected with a number of different, randomly distributed ether and carbon-carbon bonds 
(Henriksson 2003). Lignin increases the strength and stiffness of the cell walls, decreases 
their water permeability and hinders chemical, physical and microbiological degradation 
(Mauseth 1988).  
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Fats and waxes are located in cuticula. Their function is to protect the plant from drying 
(Haudek and Viti 1978). Wax is present at least on the surface of fibres. During retting and 
whitening part of the cuticular cellulose degrades and at the same time waxes and fats are 
dislodged. Eighty percent of the wax is unsaponified waxlike matter, and the rest is 
saponifiable oil, of which somewhat over half is free fatty acid. The waxy matter consists 
mainly of seresin, a paraffin-like substance, and minor amounts of seryl alcohol and 
phytosterol. The saponified matter consists of e.g. soluble fatty acids such as caproic, stearic, 
palmitic, oleic, linolic, linolenic and isolinolenic acids (Mauersberger 1948).  
 
1.4 Retting, harvesting and fractionation of bast fibre plants 
 
Retting is a partial, often controlled degradation (decomposition) of the tissues of the stem of 
a bast fibre plant which allows the fibre bundles to be easily separated by mechanical 
processing from the other plant material of the stem. During retting the components binding 
the fibre bundles to the other plant tissues, mainly pectins are broken down by the action of 
enzymes, which may be derived from the activity of microorganisms or introduced directly 
(Easson and Molloy 1996). The degree of retting affects many yield and quality aspects, i.e. 
total fibre, long fibre yield, fibre strength, suppleness, divisibility, freedom from shive, 
fineness and colour (Easson and Molloy 1996, Hobson et al. 2001). Traditional methods for 
retting are field retting and water retting in natural waters. Due to their disadvantages, i.e. 
dependence on weather conditions, uneven fibre quality or economical unfeasibility, several 
other retting methods have been developed (Table 6). Field (dew) retting is most commonly 
used throughout the world, and some of the methods mentioned in Table 6 (i.e. chemical 
retting and ensiling) have only been tested in pilot scale. The cost of the fibre used for 
insulation must be relatively low, which makes the use of many of the retting methods 
uneconomical. Properties of unretted fibres have been investigated to obtain alternatives for 
retted fibres, the disadvantages of which are e.g. microbiological contamination and costs 
caused by retting (Hepworth et al. 2000b, Hobson et al. 2001, Hautala et al. 2004). 
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In the traditional production of fibre flax the stalks are harvested when they are yellow to half 
the height of the stem and the two lowest leaves begin to fall. The earlier is the harvest time, 
the finer is the fibre, but if the harvest is too early the seed is lost. Fibre in a fully-ripened 
plant is coarse (Kanta-Oksa 1990) and over-retted fibre is brittle and weak (Mauersberger 
1948). The yield of the fibre decreases during delay of early yellow maturity. If the weather 
is favourable in the end of the growing season reflowering is possible. Reflowering and the 
formation of green shoots stop the maturing of the stem, thus reducing the quality of the fibre 
(Lustig 1991).  
 
The moisture content of the harvested yield may be as high as 70 % (IV) in the autumn. 
Therefore attempts to delay the harvest until spring have been made in northern countries 
(latitudes nearby 60 °N) where the winter is cold. In the dry-line retting and harvesting 
technology seeds are harvested in autumn and the rest of the plant is left on the field to be 
retted and dried during the winter. Stems are harvested in spring e.g. with a mower and baled 
(Pasila 1997, 2000). Frost retting is possible only in areas with a freezing period 
(temperatures below 0 °C). Alternation of freezing and thawing is also called thermal retting 
(Pehkonen et al. 2000). Frost kill before harvest has been used in the U.S.A. (Ramaswamy et 
al. 1999), but in the dry-line technology the effect of winter lasts for several months. The 
frost (freezing water) promotes separation of fibres from the stem. However, during the 
winter, the stems are subjected also to microbial retting. The dry-line method is thus a 
combination of actions promoting retting (Table 6). Frost retting is a cost-effective way to 
facilitate fibre separation. The fibre is relatively dry (MC 10-15 % w.b.) at harvest time in 
spring (Koivula and Kymäläinen 2003, unpublished results). The lower moisture content of 
the stems harvested in spring is of advantage compared with the moisture content of stems 
harvested in autumn. This reduces the drying costs and makes the storage easier. It also 
facilitates harvesting by avoiding problems caused by high moisture content of plants, which 
increases the friction between the plants and the harvest equipment and thus entanglement of 
stems and fibres in the harvest equipment (Pasila 1997, 2000).  
 
The aim of fractionation is mainly to separate bast fibre and shive from each other. The bast 
fibre is the most important fraction in the production of thermal insulations and shive is 
considered mainly as a residue. Freeness of the fibre from shive depends strongly on the 
retting degree and processing method. The shive content of tow is below 5 % (Kauriinvaha et 
al. 2001), which has also been cited as the shive content of insulations (Nova-Institut 2003). 
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For milled and screened fibre, the variation range of shive content is considerable, from a 
few percent up to over 80 % (unretted). 
 
Relatively short fibre is used for insulation materials: the length of fibre for insulating mats is 
usually below 15 cm (Kauriinvaha et al. 2001) and for loose fill insulations below 5-10 cm, 
whereas the spinning flax fibres (see Table 2) are clearly longer. Some of the methods 
mentioned in Table 6 separate fibres from the stem and from each other simultaneously with 
retting. For insulations, mostly tow (Lehtonen 1949, Sultana 1992a) and milled fibres are 
used. Milling with a hammer mill is a typical method for obtaining short fibre (Sultana 
1992a&b, Ihrsén and Sundberg 1995, Fürll et al. 1998, Pallesen 1998, Pasila et al. 1998, 
Kauriinvaha et al. 2001, Kautto et al. 2001). Retting degree affects markedly the need for 
mechanical processing to separate fibre from the stem. Extracting fibre from unretted stems 
requires a more vigorous treatment than for retted stems and this may lead to unacceptable 
reduction in the length and strength of fibres (Hobson et al. 2001).  
 
1.5 Requirements of thermal insulations in relation to properties of bast fibres 
 
1.5.1 Requirements of insulation products  
 
A thermal insulation is defined as a material with low heat conductivity used for the purpose 
of obstructing the flow of heat (Scott 1984, Marsh 1985). The main function of the insulation 
is to minimize heat transfer. Bast fibres can fulfill this function because of their porous 
structure (Figure 4), small diameter (Table 3), and a low bulk density of the fibre 
conglomerate leading to a lot of air between the fibres in the insulation. Respectively, the 
porosity of a fibre affects its ability to bind water (Laine and Lindholm 1979), which in turn 
affects the air permeability of the insulation. The functions and some examples of quality 
properties of fibrous insulations are presented in Table 7. A quality property or parameter is 
here understood as a property, feature or factor that affects the functions of the insulation. In 
the present study, the terms quality property and quality parameter are used as synonyms.  
 
In addition to the main function, the secondary functions (Table 7) consist of technical 
properties. Functions giving surplus value to the product are called supportive functions. 
Stability of the functions is a crucial feature for the long-term performance of insulations. In 
the present study, the quality properties are discussed generally for fibrous insulations, but in 
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practice the performance is also determined by the location of the insulation, e.g. in which 
part of a building it is placed.  
 
The quality properties (Table 7) are related to the morphological structure (Figures 3 and 4) 
and chemical composition (Tables 2-5) of the plant fractions that are used as raw materials 
for insulations. Theoretically, variation of the these plant features during the growing season 
or as a consequence of retting, fractionation or alternation of atmospheric conditions affect 
the functions of the insulation (Table 7). However, there are only a few studies (see Table 9) 
concerning the relationship between the variation of quality of bast fibres and properties of 
insulations. 
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Table 7. Functions of fibrous insulations. 
Type of 
function* 
Meaning of 
function 
Examples of typical 
functions of insulations 
Examples of quality parameters 
affecting the function 
Main function The purpose for 
which the product 
is primarily suited 
Thermal performance 
(minimization of heat 
transfer) 
Material of fibre, dimensions, amount 
of shive, density or fineness, EMC, 
capillarity, temperature cycling 
Fire performance Material of fibre, flame retardants, 
density, amount of shive 
Strength of insulation 
sheets 
Material of fibre, dimensions, density 
Secondary 
functions 
Another purpose 
of the insulation 
than the main 
function 
Suitability of fibre for 
technological production 
Material of fibre, impurities, 
dimensions, EMC, capillarity  
Ecological performance 
(e.g. biodegradability) 
Material of fibre, binders, additives, 
energy consumption during production, 
emissions of production, long term 
stability of the insulation 
Ability to promote good 
indoor air 
Material of fibre, additives, 
dimensions, hygienic quality, EMC, 
capillarity, construction of the building 
Supportive 
functions 
Increases the 
value of the 
insulation but is 
not essential to the 
main function 
Attractiveness for 
purchasers 
Material (appearance, ecological 
image) of fibre, retting degree, hygienic 
quality, shive content 
Stability of main, 
secondary and 
supportive 
functions 
Resistance against 
atmospheric and 
environmental 
stress  
Maintenance of any 
quality feature of the 
insulation 
Material of fibre, retting degree, MC, 
temperature, microbes 
* Modified from the ideas of Berglund (1976, 1986) and Lucie-Smith (1979). 
 
 
A quality criterion means a quality parameter or a function that is used for assessing the 
quality of a specific product, with defined requirements of quality level. The criteria 
(functions and quality properties) of insulations are regulated by legislation and are directed 
by quality labels. General instructions and specific values for different insulations have been 
given by the Ministry of the Environment of Finland (YM 2003b). In the Finnish building 
regulations (Suomen rakentamismääräyskokoelma), limits are given for the coefficient of 
thermal transmittance, which provdes a basis for building structures (YM 2003a). Thermal 
conductivity is the most common criterion that is included in the standard approval certificate 
(type approval, tyyppihyväksyntä). Several commercial insulation products made of e.g. 
mineral wool and recycled wood, and one flax insulation have been awarded this certificate 
(RT YM2-21207, 2002). The quality parameters affecting the thermal conductivity of bast 
fibrous insulations are discussed in the following section. A quality assessment system is 
required when using the standard approval certificate (RT YM2-21024, 1997). The Finnish 
Ministry of Social Affairs and Health has given general recommendations for building 
materials, including e.g. limits for microbial content (STM 2003). The Finnish emission 
classification of building materials includes requirements for emissions of VOCs, 
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formaldehyde, ammonia, carcinogenic compounds and odours (RTS 2004a). Several 
commercial insulations belong to the best class M1, including e.g. stone, glass and paper 
wool, but no flax-based insulations yet have the M1 label (RTS 2004b). A European quality 
mark “Natureplus” has been developed for building materials in Germany (Natureplus 
2002a). The aim of this mark is to guarantee both technical and ecological performance for 
several building materials, including thermal insulations made from e.g. flax and hemp. 
Numerous criteria and measurements of both the raw materials and the insulation are 
required for obtaining this quality mark. Criteria include e.g. declaration of input materials, 
requirements for renewable raw materials, energy consumption of manufacturing and 
packaging, and information on processing. Furthermore, restrictions of impurities and 
untypical fibres, pesticide residues, and emissions of VOCs and formaldehyde are given. In 
principle the “Natureplus” mark offers a good collection of criteria that well define different 
features of the insulations. 
 
 
Thermal performance 
 
Several properties are used to describe the thermal performance of insulations. These include 
e.g. thermal conductivity (k), diffusivity, resistance and transmittance, air permeability and 
temperature limits and increase (Turner and Malloy 1981, Marsh 1985, Strother and Turner 
1990). The k (or λa) value of insulations made of bast fibres is compatible with that of 
conventional insulations. However, the variation between k values of all the insulations 
varies e.g. in relation to bulk density (Table 8). The relationship between density and k is not 
linear and it varies between different studies. Hemp and flax insulations are based on the 
fibre and shive fractions, or a mixture of both. According to Murphy et al. (1997) only the 
fibre fraction is capable of reducing thermal conductivity below 0.05 W/(m·K), but in a study 
by Kauriinvaha et al. (2001) the thermal conductivity of milled flax stems including ca. 12 % 
shive was about 0.05 W/(m·K) depending on the temperature. Since thermal performance is 
the main function of the insulation, the focus of most studies concerning insulations has been 
on factors affecting thermal properties (Table 9).   
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Table 8. Variation ranges of thermal conductivity k (or λ) of fibrous thermal insulations at 
different variation ranges of densities.  
Type of 
insulation 
Fibre raw material Bulk density 
(kg/m3) 
k (or λ) 
(W/(m · K) 
Reference 
- Flax - 0.040-0.046 Ringleb and Schulz 1996 
Mat Flax 5-50 0.038-0.075 Wieland et al. 2000 
- Flax 20-100 0.035-0.045 CMA 2002 
- Flax and hemp 25-40 0.050 Murphy et al. 1997 
Mat Flax and hemp 39 0.033 Kauriinvaha et al. 2001 
Mat Flax and hemp 19 0.060 Kauriinvaha et al. 2001 
Mat Hemp, retted 5-50 0.040-0.082 Wieland et al. 2000 
Mat Hemp, green 5-50 0.044-0.094 Wieland et al. 2000 
Loose-fill Hemp, frost-retted 25-100 0.040-0.049 Kauriinvaha et al. 2001 
- Hemp 20-45 0.040-0.060 CMA 2002 
- Glass wool 20-50 < 0.040 Murphy et al. 1997 
- Glass wool 18-50 0.050 YM 2003b 
Mat Stone wool (mineral wool) 5-50 0.035-0.071 Wieland et al. 2000 
- Stone wool (mineral wool) 15-300 0.037-0.050 Siikanen 1996 
- Stone wool 30-60 0.050 YM 2003b 
- Cellulose 30-45 0.041-0.050 Siikanen 1996 
Loose-fill Cellulose (recycled paper) 30 0.041 Ekovilla 2003 
- Cellulose (wood fibre) 30-60 0.050 YM 2003b 
- Not mentioned. 
 
 
Table 9. Studies concerning the effects of various parameters on thermal properties of some 
fibrous insulations.  
Parameters affecting 
thermal performance 
Studied insulation 
material 
Reference 
Flax, hemp Ringleb and Schulz 1996, Kauriinvaha et al. 2001  
Various plants, wood Richter 1993 
Type of material  
(e.g. constituents, 
retting time) Recycled paper Kauriinvaha et al. 2001 
Flax,  hemp  Murphy et al. 1997, Kauriinvaha et al. 2001  
Cellulose Jonsson 1993 
Various plants and wood  Richter 1993 
Thickness, density* 
Glass and stone wool  Shirtliffe 1980, Jonsson 1993, Murphy et al. 1997 
Wood Tye et al. 1980  Settling  
(loose-fill insulations)* Glass and stone wool Mathis and Angleton 1990, Mathis and Kenney 
1990 
Flax, hemp Wieland et al. 2000, Kauriinvaha et al. 2001 
Cellulose Benner et al. 1987, Kehrer et al. 2003 
Straw Kehrer et al. 2003 
RH and/or temperature 
of air, free water, 
wetting, drying 
Glass and stone wool  Benner et al. 1987, Low 1987, Sandberg 1987, 
Freitas et al. 1991, Rose and McCaa 1991, Wilkes 
et al. 1991, Wieland et al. 2000 
Cellulose Jacobson et al. 1987 Air flow (i.e. 
infiltration, wind, 
convection**) 
Glass wool Jacobson et al. 1987, Rose and McCaa 1991, 
Silberstein et al. 1991, Wilkes et al. 1991 
* Settling of loose-fill insulation and thickness of insulation are different views of the same phenomenon, i.e. 
amount and density of insulation.  
** Convection is caused e.g. by temperature differences, and there may be connections with the row ”RH and/or 
temperature of air...”. 
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Fire performance 
 
Fire resistance is an important property of insulations, especially those made of cellulosic 
fibres. Due to their chemical composition (Figure 4, Table 5), cellulosic materials themselves 
are not fire resistant. A mass fraction of approximately 20 % of chemicals is added to 
cellulose to provide flame retardance (Siddiqui 1989). In a study by Kokkala (1987), e.g. 
smouldering was a risk of cellulose insulation compared to glass wool. In a study by 
Kauriinvaha et al. (2001), the fire resistance of flax insulations was similar compared to 
insulations made of recycled paper, and a mass fraction of 13 % of boric compounds were 
needed in the flax and paper insulations to prevent smouldering. In insulations made from 
hemp shives, smouldering occurred even with a mass fraction of 25 % of boric compounds 
due to big shive ships.  
 
Ecological performance 
 
The term ecological is here understood as a product which is less harmful to the environment 
than other comparable products. Ecological performance is considered as a supportive 
function in Table 7, but following the idea of e.g. the “Natureplus” mark, it may also be 
considered as a secondary function. On the other hand, insulations will save over one 
hundred times the impacts from production and disposal, irrespective of the material used 
(Schmidt et al. 2004). From that point of view, the comparison of ecological properties of 
insulations made from different raw materials may be considered as a question of comparison 
of supportive functions. 
 
Ecological information during the life cycle of the insulation include ecological indicators, 
i.e. non-renewable energy sources and greenhouse potential. In addition, operative tasks 
affecting the ecological performance include packaging, installation, recycling and disposal 
of the product (Siddiqui 1989, Natureplus 2002b&c, Papadopoulos 2004). Thermal 
insulations based on agro-based fibres are often considered implicitly as ecological, which 
has been evaluated to be their most important competitive advantage (Rissanen et al. 1998). 
The ecological image is also seen in the various nomenclature used for organic insulations, 
i.e. biological (Batschkus et al. 1998, Schmidt et al. 2004), biogenic (Wieland et al. 2000), 
alternative (Bocsa et al. 2000, Nova-Institut 2003, Papadopoulos 2004) and eco-insulations 
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(Bocsa et al. 2000). However, only a few studies have focused on the ecologial performance 
of insulations, and their results are not unambiguous. In a study by Behring and Murphy 
(1997) a flax fibre -based insulation was ranked more ecological compared to glass wool, 
when energy demands and environmental emissions were concerned. On the other hand, in a 
study by Schmidt et al. (2004) paper wool had the lowest and flax the highest global and 
regional environmental impacts, with stone wool in between. In their study, these impacts 
were derived from life cycle essessment and consisted of e.g. global warming, acidification, 
eutrophication, photo-oxidation creation potential, toxicological impacts in the working 
environment and impacts on local ecosystems. 
 
Information of materials is sometimes presented as an ecological parameter, i.e. the material 
content of recovered (recycled) (Siddiqui 1989) or renewable material (Natureplus 2002b). 
Use of some input materials may be limited or not permitted and records to provide proof of 
origin of the flax and hemp raw material must be kept e.g. in the “Natureplus” mark 
(Natureplus 2002b). For example, a typical hemp insulation mat contains approximately 15 
% synthetic fibres (Nova-Institut 2003). In the “Natureplus” mark, the proportion of 
renewable raw materials must be at least 85 %, and the use of synthetic support fibre up to a 
maximum of 15 % until the end of 2005, after which the use of synthetic fibre may be 
prohibited. After 2005, a declaration of use of pesticides must be provided (Natureplus 
2002b).   
 
Ability to promote good indoor air 
 
Moisture transfer between indoor air and hygroscopic building structures can generally 
improve indoor humidity conditions (Simonson et al. 2002). However, it is possible that 
reduced quality of the insulation will affect the indoor air quality through weaknesses, i.e. 
breaks and defects of the structure of the building. Some limits for emissions are included in 
building instructions and quality labels (see paragraph ”Requirements of insulations”). 
Emissions of the insulations are discussed in detail in V. 
 
Attractiveness for purchasers 
 
The present study focuses on technical properties of fibres. However, when focusing on the 
choice of insulations for buildings, the attractiveness of different types of insulations for 
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purchasers is a key issue for the success of insulations on the market. In addition to technical 
performance of the insulations, several quality properties affecting its practical functions also 
affect its success on the market via e.g. ecological image and appearance (Table 7).  
 
 
1.5.2 Requirements of the production chain of the fibre 
 
When a raw material of natural origin is used for industrial purposes, it enters into the sphere 
of quality concepts (Kajamaa 1985). Quality means all the features and properties which 
fulfil the given or supposed needs (Juran 1988, Salminen 1990, Ebskamp 2002). Fulfilling 
the needs means that the fibre must meet the requirements of the functions of the insulation 
(Table 7). The requirements of the production chain are thus dependent on the requirements 
of the product. However, in this work the focus is on the production chain, which forms a 
critical chain of steps in order to produce raw material for insulations. All fibre properties are 
a consequence of the morphological structure and chemical composition of the fibres 
(Section 1.3.).  
 
Following the idea presented in Table 7, suitability of the fibre for technological production 
is one of the secondary functions. The composition of the fibre, impurities (due e.g. soil 
contamination), dimensions, EMC or MC and capillarity affect this feature.  
 
The production chain of bast fibrous insulations differs from that of other fibrous insulations 
because of the agricultural background. Before fibrillation (separation of bast fibres from the 
stem), the material has been subjected to several agronomic and atmospheric steps during the 
growing season. All phases of the production chain from the field to retting, separation and 
processing of the fibre affect the quality of the fibres. The following factors of the cultivation 
phase may be relevant: variety, seed and sowing, properties of the field (soil type, cultivation 
and phase of rotation), growth conditions (climate, weather, growth regulators, fertilization, 
weed control) and cultivation techniques. Furthermore, the agricultural background affects 
the logistics of the production of insulations. Harvesting takes place once a year, after which 
the stems are stored and processed. The total yield of fibres should last for the production of 
the whole year before next harvesting. 
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Plant morphology and anatomy resulting from the growing season provide the basis for the 
properties of the fibres, which are further affected by harvesting (time, method, quality of 
stems, possible contamination), retting, drying, post-harvest processing and storage 
(conditions, duration, amount of straw). In regions where there is marked variation in outdoor 
temperature and relative humidity of air during the year, the moisture content of the stems or 
of the raw material produced from the plants is one of the most critical factors for achieving 
materials of an acceptable quality. The moisture content of the raw material is therefore of 
particular importance, as it is one of the properties that determine the selection of the raw 
material for end-use products. Furthermore, the harvesting and processing of straw include 
several phases and delay periods during which the material may be subjected to fluctuating 
conditions, possibly leading to loss of quality properties due to humidity. Delays in drying 
after retting have serious implications for fibre quality and crop spoilage when baled. Unless 
the stems are collected dry enough to prevent microbial action, further deterioration may 
occur during storage (Bruce et al. 2001). Achieving and maintaining sufficient quality during 
the production chain of the fibre raw material is currently one of the major challenges in the 
bast fibre insulation industry. 
 
 
1.5.3 Stability of functions 
 
Ageing or weathering means stability of functions, which is affected by time combined with 
different types and fluctuations of environmental stress, e.g. temperature, moisture and 
microbes. Moisture reduces the thermal performance of any thermal insulation, causing e.g. 
altered dimensions and chemical composition by removing constituents (Tye et al. 1980). In 
a study by Low (1987), a prolonged (up to several months) combined effect of excess water 
and 100 °C temperature caused physical disintegration and morphological modifications in 
mineral fibres and decreased their thermal performance. Properties concerning the behaviour 
of the insulation in connection with moisture and water include e.g. capillarity, 
hygroscopicity, water absorption, condensation against a colder surface, drying and 
combustibility in stable or fluctuating conditions (Turner and Malloy 1981, Sandberg 1987, 
Siddiqui 1989). The moisture behaviour of the bast fibres is discussed on in I-III and V.  
 
Another example of ageing is the effect of the change of the density or thickness of 
insulations due to installing or settling on the thermal and mechanical properties of the 
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insulations (Derbyshire 1980, McElroy et al. 1987, Mathis and Kenney 1990, Svennerstedt 
1990&1993, Heino et al. 2000). 
 
In connection with atmospheric conditions, fungal colonization may have effects on the 
stability (maintenance of quality) of the insulation and its technical performance. 
Microbiological resistance is one of the quality requirements of cellulosic insulations 
(Siddiqui 1989). For flax insulations, the required functional suitability proof means e.g. 
resistance to the growth of microbes and decomposition caused by microbes (Natureplus 
2002d, 2002e). This aspect is discussed in more detail in V. 
 
 
1.6. Summary of the literature 
 
In the late 1980s, the products and fractionation equipment were in an early stage of 
development (Liljedahl and Smeder 1994) and only qualitative information was available 
concerning the quality and requirements of fibre raw material during the production chain. 
There are several measurement methods and classifications for the quality of flax fibre used 
for textiles (Mauersberger 1948, Archibald 1992, Mukhin 1992), based mainly on colour, 
appearance and handling properties, but also on physical parameters (Tables 10 and 11).  
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Table 10. Examples of quality properties of bast fibre of Linum (referring to long or short 
fibres and fibre bundles or elementary fibre cells).  
Quality property References 
Chemical composition, caustic loss, DP, 
fluidity 
Fischer and Topf 1988, Archibald 1992, Focher 1992, 
Keijzer and Metz 1992, Langenhove and Bruggeman 1992, 
McDougall et al. 1993, Taylor 1994, Kessler et al. 1998 
Ash Archibald 1992 
Moisture absorption Scheer-Triebel and Heyland 1994, Taylor 1994 
Strength, tenacity, elongation Fischer and Topf 1988, Fischer and Topf 1989, Lustig 1991,  
Archibald 1992, Keijzer and Metz 1992, Langenhove and 
Bruggeman 1992, Mukhin 1992, Sharma et al. 1992, 
McDougall et al. 1993, Liljedahl and Smeder 1994, Scheer-
Triebel and Heyland 1994, Taylor 1994, El-Shourbagy et al. 
1995, Kessler et al. 1998 
Fineness Fischer and Topf 1988, Fischer and Topf 1989, Lustig 1991, 
Archibald 1992, Keijzer and Metz 1992, Langenhove and 
Bruggeman 1992, Mukhin 1992, Sharma et al. 1992, Sultana 
1992a, Taylor 1994, El-Shourbagy et al. 1995 
Bulk density Fischer and Topf 1989, Taylor 1994 
Dimensions (i.e. length, diameter), 
amount and morphology of fibre bundles 
and individual fibrils 
Fischer and Topf 1988, Fischer and Topf 1989, Lustig 1991, 
Archibald 1992, Langenhove and Bruggeman 1992, Mukhin 
1992, Franken and Heyland 1993, McDougall et al. 1993, 
El-Shourbagy et al. 1995, Kessler et al. 1998, Kauriinvaha et 
al. 2001 
Microbiological resistance Taylor 1994 
Cleanliness from impurities (other parts 
of stem than fibre), fibre freeness, shive 
content 
Lustig 1991, Keijzer and Metz 1992, Langenhove and 
Bruggeman 1992, Sultana 1992, Ihrsen and Sundberg 1995, 
Kessler et al. 1998, Sharma and Gilmore 1989, Hobson et al. 
2001, Kauriinvaha et al. 2001 
Homogeneity Sultana 1992a 
Colour, lustre  Mukhin 1992, Sharma et al. 1992 
 
 
Table 11. Examples of quality properties of bast fibre of hemp (may refer to fibre bundles or 
elementary fibre cells). 
Quality property References 
Chemical composition, DP McDougall et al. 1993, Wang et al. 2003 
Strength, tenacity, elongation McDougall et al. 1993, Sankari 2000, Hobson et al. 2001  
Fineness Hobson et al. 2001  
Dimensions (i.e. length, diameter), 
amount and morphology of fibre bundles 
and individual fibrils 
McDougall et al. 1993, Sankari 2000, Hobson et al. 2001  
Cleanliness from impurities Hobson et al. 2001 
Evenness, quality of  retting Bruce et al. 2001 
 
 
Stem properties, e.g. yield, length, colour, branching, degree of maturity, lodging and 
moisture content are also sometimes used for definition of quality of bast fibres (Lallukka et 
al. 1988, Fischer and Topf 1989, Sumere 1992, Scheer-Triebel and Heyland 1994, Heier and 
Heintges 1999, Sankari 2000). In addition to some specific moisture-associated properties, 
most of the other properties are also moisture-dependent. Some of the general quality 
properties in Tables 10 and 11 (i.e. dimensions, ash, MC, moisture absorption, 
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microbiological resistance and shive content of fibre) were also used as quality parameters 
for the present study. Because tow fibre has traditionally been used for insulations, the 
quality features of tow fibre (i.e. length 20-50 mm and shive content below 5 %) presented 
by Kauriinvaha et al. (2001) have been used as a basis of comparison for the quality of other 
short fibres.  
 
Considerable data is available concerning the technical properties of conventional 
insulations, whereas data for cellulosic insulations has typically been given only for cellulose 
as a generic material (Turner and Malloy 1981, Strother and Turner 1990, Papadopoulos 
2004). However, the thermal performance of bast fibres has been investigated and confirmed 
as competitive with conventional insulations in other studies, that were listed in Tables 8 and 
9. The existing research of bast fibres that focused mainly on textile fibres (Section 1.3) did 
not provide answers to all the essential questions of quality of bast fibres of Linum and hemp 
during the production chain. To supplement the lacking information, several parameters of 
short fibre (derived from Table 6) lacking in the literature, and particularly hygienic quality 
were examined. 
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2 Objectives of the study 
 
The objectives of the study were: 
 
1. Determination of important quality parameters during the production chain of Linum 
and hemp fibres intended for thermal insulations (I-V). The study focuses on several 
parameters lacking in the literature and particularly on hygienic quality. 
 
2. Examination of the effects of harvest time (I-IV), processing (I-IV) and atmospheric 
conditions (I-III) on the quality properties of bast fibre raw materials during the 
production chain and in the insulation products (V).  
 
3. Evaluation of the suitability of bast fibres of Linum and hemp for thermal insulations 
(III-V). 
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3 Materials and methods 
 
The study comprises four projects conducted at Helsinki University, Department of 
Agricultural Engineering and Household Technology during the period 1997-2004 (Figure 
5). Project 1 was an examination of ecological building materials, the focus being on the 
quality of bast fibrous raw materials (I, II). Project 2 was an examination of the production 
chain of fibres of Linum and hemp from field to thermal insulations (I-III). Project 3 was an 
examination of absorption properties of fibres of Linum and hemp (I-III). Project 4 was an 
examination of hygienic quality and emissions of thermal insulations (IV, V). 
 
 
 Project 1  Project 2  Project 3  Project 4 
 
Problem investigated: 
 
 
 
 
 
 
 
 
Focus of project: 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Research summarized in the thesis 
 
 
Quality of bast 
fibrous raw 
materials for 
building materials. 
Production chain 
of bast fibres from 
field to thermal 
insulations.
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properties of bast 
fibres. 
Emissions from 
thermal 
insulations. 
Determining 
important quality 
parameters for 
fibrous plant raw 
materials for 
building materials. 
Development of 
measurement 
methods of bast 
fibres during the 
production chain 
of raw materials 
for thermal 
insulations. 
Examination of 
capillarity and 
EMC to determine 
advantages and 
disadvantages of 
bast fibres in 
different 
applications. 
Determining the 
hygienic quality of 
raw materials for 
thermal insulations 
and emissions of 
thermal 
insulations. 
 40
3.1 Plant materials in the production chain and reference materials 
 
The study focuses on the production chains of two plants: flax and linseed (Linum 
usitatissimum L.) and fibre hemp (Cannabis sativa L.). Plants were cultivated, harvested and 
fractionated in order to obtain fibre suitable for e.g. loose-fill insulations (I-V). In addition to 
fibre, the fractionation process yielded several fractions that are presented in detail in 
Sections 3.3 and 3.4. No additives were used for the fractions thus obtained. Reference 
samples (V) consisted of commercial thermal insulations, of which three were made of flax 
fibre, one of recycled paper and two of inorganic fibres (glass and stone wool). All reference 
samples contained additives, i.e. binders and flame-retarding agents. 
 
3.2 Harvesting times  
 
Field conditions during the growing season and harvest have been presented in other studies 
(Pasila 2004, Koivula et al. 2004) and the present study focused on the raw material after 
harvesting. Harvesting was in autumn (Figure 5a) or in spring (Figure 5b). Varieties, growing 
places and years of sowing and harvesting are presented in Table 12. Plants were mainly 
grown in the research farm of the University of Helsinki in Siuntio in southern Finland. 
Hemp was not widely grown in ordinary farms in these years, and all samples were gathered 
from the Siuntio farm except in 1997, when flax and linseed were not grown in Siuntio. 
Plants were sown according to common Finnish farming practices (Hakala and Hongisto 
1994, Sankari 1998), which include soil cultivation, sowing, use of herbicides and harvesting 
in autumn or in spring (Figure 6). 
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Figure 6. Production chain of bast fibres, a) harvest in autumn, b) harvest in spring 
(frost retting method) 
 
 
Table 12. Varieties, growing places and years of harvest of the plants. Frost-retted 
samples are written in bold. (1) and (2) refer to spring hemp 1 and 2 (III).  
 Variety and growing place 
Year 
of 
sowing 
Year of 
harvesting or 
sampling 
Original 
publication 
Flax Linseed Fibre hemp 
1996 1997 (spring) I, II Viking, Siuntio Helmi, Siuntio Kompolti Hybrid, 
Siuntio 
1997 1997 (autumn) I, II Viola, Vihti Helmi, Orimattila Felina 34, Siuntio 
1998 1999 (spring) III Viking, Siuntio Helmi, Siuntio Fedora-19, Siuntio (1) 
1999 (autumn) III Viking, Siuntio Helmi, Siuntio Fedora-19, Siuntio 1999 
2000 (spring) III - - Fedora-19, Siuntio (2) 
2002 (autumn) IV, V - Helmi, Siuntio Uso, Siuntio 2002 
 2003 (spring) IV, V - Helmi, Siuntio Uso, Siuntio 
- Not grown. 
 
3.3 Fractionation 
 
The aim of fractionation was to separate bast fibre from the stems. Two different 
fractionation processes were used, both consisting of a hammer mill (Figure 7) and 
screen separators. In the first pilot (I-II) a small drum separator, in the second pilot 
(III-V) a long continuous-type screening drum (Figures 8-9) was used. The principles 
of the pilot equipment are presented in Figure 10 (see also Figure 2 (II, p. 45), Figure 
1 (III, p. 59) and Figure 1 (IV)).  
b 
Growing Fractionation, 
sorting and 
upgrading 
Harvest  
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- cutting 
- baling 
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(Threshing 
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Figure 7. Hammer mill used for milling of the stems (III-V). 
hammer  
mill 
cyclone 
feeding 
dust 
collector
outlet 
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Figure 8. Long continuous-type screening drum in the second pilot (III-V). 
 
 
Figure 9. Inside the screening drum (III-V). 
Shive out
Fibre out
Milled stem in 
Milled stem  
Fibre  
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3.4 Measurement of quality properties 
 
In order to define the quality of the Linum and hemp fibres for thermal insulations, several 
quality properties were measured (Table 13). The properties were selected in order to provide 
new information about the fractions in the production chain.  
 
Some of the properties, i.e. shive content, length, thickness and bulk density were used 
mainly to characterise the overall ability of the production methods to produce short fibre 
material for insulations. Shive content is a measure of the effectiveness of the chain to 
separate bast fibre. Dimensions (length, thickness) are related to the capability of the 
equipment to produce short fibre. Secondly, some of the quality properties (microbial content 
and emissions, ash) were used to examine the hygienic quality of the fibre. Thirdly, methods 
were developed to indicate changes in the quality of the fibre during the processing chain 
before it is processed into insulations. Properties concerning moisture or microbial content 
(capillarity, EMC, moulding) affect the stability of the fibre, which in turn correlate with the 
thermal properties. Against this background, the quality properties were divided into two 
groups (Table 13). However, this classification is only tentative. For example ash amount is 
used here as a quality parameter for suitability of the raw material for processing, because 
e.g. soil contamination may cause disturbances in processing equipment. However, the ash 
content as a potential indicator of hygienic quality was examined in III-IV and in this context 
ash could be grouped in the hygienic properties. Thermal properties that have been focused 
on in previous studies (Table 11) were defined as being outside the scope of the present 
study. 
 
The properties of the fibres were of particular interest in the measurements. However, the 
fibre produced in the way described has residues of shives and other parts of the stem and 
therefore the properties of other fractions were also partly measured. Some properties of the 
fibre raw material were compared with the properties of commercial insulations (V).  
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Table 13. Measured quality properties and plant fractions. 
Plant fraction Quality property 
Straw Fibre Shive Dust Capsules 
and leaves 
Reference 
samples** 
Shive 
content 
- II - - - - 
Length - II II - - - 
Thickness - II II - - - 
Bulk density - II, V II, V - - V 
Properties 
characterising the 
overall ability of 
the production 
methods to produce 
short fibre material 
for insulations 
Ash IV *, III, IV, V *, III, IV * V V 
Capillarity - II II - - - 
MC IV, V IV, V IV IV IV V 
EMC and 
change of 
mass due to 
moulding 
- I, III I, III - - - 
Microbial 
content 
IV III, IV, V III, IV IV IV V 
 
 
 
Properties used to 
examine stability 
and hygienic 
quality of the fibre 
Microbial 
emissions 
- V - - - V 
– not measured 
* Measurement not included in the original publications I-V. Published in Kymäläinen et al. (2002) and 
Kymäläinen (2003), for shive in Kymäläinen (2003) and partially in Pasila and Kymäläinen (2000), and for dust 
in Kymäläinen (2003). Materials marked with * are the same as in the original publications I and II (fibre, fine 
shive, coarse shive, dust) and III (fibre and shive). 
** Glass wool insulation sheet, stone wool insulation sheet, loose-fill insulation of recycled wood fibre, two 
commercial flax insulation sheets and a commercial loose-fill flax insulation. 
 
 
3.4.1 Properties characterising the overall ability of the production methods to produce 
short fibre material for insulations 
 
Shive content  
 
Shives were manually derived from five randomly selected fibre samples, after which the 
proportion of shive was determined gravimetrically. The mass of a sample was 0.3-1.4 gwb 
(II). The method is described in detail in II. 
 
Dimensions of fibres and shives: length and thickness  
 
Lengths of fibres were measured from 100 randomly selected replicates using the scale of a 
caliper rule (accuracy ±1 mm). The lengths of shives were measured from 100 replicates 
using millimetre paper and a stereo microscope. The method is described in detail in II. 
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The thickness of fibres was measured from the length measurement preparations (100 
replicates) with a projection microscope. The proportion of fibres with the thickness of 
elementary fibres was calculated. For flax, under 50 µm thick fibres were classified as 
elementary, and for hemp the corresponding thickness was < 60 µm. The lengths of shives 
were measured from 100 replicates using millimetre paper and a stereo microscope. The 
methods are described in detail in II. 
 
Bulk density 
 
Bulk density of the fibres and shives (II) was measured after dropping the material from a 
610 mm height into a steel container. This method is an application of the standard ASAE 
S269.4 (1991) and it is described in detail in II. The bulk density of the insulation sheets was 
calculated from a 10 cm x 10 cm x 10 cm sample (V). For the loose-fill insulations (V), the 
amount of the material was selected to fill the test ring of the emission chamber. The density 
of the loose-fill materials was adjusted to be equal (approximately 28 kg/m3) for all flax, 
linseed and hemp samples. In all measurements the bulk density was measured from room-
dry samples and corrected to d.b. Three replicates (II) were measured except for the materials 
in the chamber test (V), in which the density was used only as a background parameter for 
defining the samples of the emission measurement and only one replicate was measured. 
 
Ash 
 
Five randomly selected replicates were ignited in crucibles in an oven at 600 º C and the 
percentage of ash (d.b.) was calculated from weighed samples. The method was adopted 
from a TAPPI standard (T 211 om-85, 1985). Crucibles were used without lids. The mass of 
a sample was 1 gwb (III and unpublished results marked with * in Table 13) or 2.5 gwb (IV-
V). The duration of ignition was 4 h (III and unpublished results marked with * in Table 13) 
or the ashing was continued until perfect ignition (IV-V). However, for the reference samples 
of insulations made of glass wool, rock wool and recycled paper (V), a perfect ignition was 
not obtained at 600 º C due to the type of these materials. Therefore the term ignition residue 
is used alternatively. The method is described in detail in III and IV. For most of the 
measurements (III-V and unpublished results marked with * in Table 13), a gradual increase 
of the temperature of the oven to prevent floating of ash was used according to the TAPPI 
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standard. However, when the samples were put straight into the oven without gradual 
increase of the temperature (II), no floating of ash was observed. 
 
 
3.4.2 Properties representing stability and hygienic quality of the fibre 
 
Capillarity 
 
The capillarity of the fractions was measured by filling a test tube with the test material, 
putting the lower end of the tube into contact with water and measuring the capillarily 
absorbed water gravimetrically during a 7 h test period (II). The measurement method of 
capillarity was based on a method introduced by Chwastiak (1973). Nevander and Elmarsson 
(1994) and Kauriinvaha et al. (2001) used a similar method for testing of building materials. 
The capillarity was determined as a mean of five replicates (m = 4.8 gwb) of fibre and shive. 
The test equipment is presented in Figure 3 in II (p. 46) and the method is described in detail 
in II. 
 
Moisture content (MC), equilibrium moisture content (EMC) and change of mass due to 
moulding  
 
Moisture content (MC) was determined from samples that were weighed and dried in an oven 
(103 °C) for 24±2 h. The samples were then removed from the oven and cooled in an 
dessicator for 15-30 min, after which they were weighed. Moisture content determination 
was used in connection with measurements of ash (III-V and unpublished results marked 
with * in Table 13), density (II, V) and content of microbes (III-V), and for the samples in 
the beginning of the EMC measurement (I, III). As a background parameter, one or two 
replicates of MC were measured. 
 
In the present work, EMC means absorption equilibrium moisture content. Fibre and shive 
samples were weighed and put into bowls, which were placed in a container in a conditioning 
room (T = 20 °C, RH = 65 %). The EMC of samples was measured in different RHs of air, 
which were obtained using different salt liquids. The mass change of the samples was 
recorded by weighing the samples daily. The instrumentation of the EMC method is 
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presented in Figure 1 of paper I (p. 262). The mesurement method was developed during the 
studies, and the main differences between the methods (I and III) are presented in Table 14. 
 
In the paper III the first aim was to find out the EMC of each material, after which the sample 
began to mould (III). Later it was found that it would be more illustrative to compare samples 
directly during a longer test period, and eight samples representing different plants and 
harvest times were selected for this test. These samples were placed into 65 % to >98 % RH 
air and examined for a 30 d period. In this case, which was a qualitative pretest, the 
beginning of moulding (III) was recorded according to visual estimation. In the highest RH 
of air the samples began to mould, which was observed as a decrease (I, III) or an increase 
(III) of the mass of the samples. The methods are described in detail in I and III. 
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Table 14. Differences between the EMC methods (I and III). T= 20 ±2 ºC. 
 Method 1 (I) Method 2 (III) 
RH of air and salts used to 
obtain the specified 
conditions 
15 %, LiCl 
76 %, NaCl 
>98%, H2O 
76 %, NaCl 
85 %, KCl 
92 %, Na2CO3 * 10H2O 
>98%, H2O 
Location of salt liquid In separate salt and salt liquid dishes 
in the bottom of the container 
In the bottom of the container 
Mass of samples 1.0-1.5 g (fibre), 2.5-3 g (shive) 1.5-2.6 g (fibre), 2.0-2.1 g (shive) 
Number of replicates 3 6 
Measured samples All samples 76 %, 85 % and 92 % RH of air:  
all samples  
 
>98 % RH of air:  
a) samples that did not begin to mould 
in 92 % RH of air  
b) a representative selection of 
samples  
Samples in the container at a 
time (in one set of samples) 
12 samples selected randomly from 
different materials (fully 
randomized test) 
6 replicates of the same material 
MC of samples in the 
beginning of the test 
7-8 % (equals EMC in ordinary 
room conditions) 
11-12 % (equals EMC in 65 % RH of 
air, 20 °C) 
Duration of the test Until EMC was reached or 14 d Until EMC was reached or 14 d, 
except in >98 % RH of air, 30 d 
 
 
Microbial contents and emissions 
 
The microbial contents of the fractions were examined by measuring the total number of 
microbes using Hygicult® Y&F (yeast and fungi) and TPC (total bacteria) growing slides. 
This method was introduced for samples of bast fibre plants by Koivula et al. (2002).  
 
Samples were randomly picked from the fraction container. An amount of 95 ml (III) or 100 
ml (IV-V) of salt liquid (NaCl 0.9 %) was added to a weighed dry sample (m = 5 g, except 
for the dust samples 1 g in IV). After 30 minutes of extraction, samples were homogenized 
for ten (III) or five (IV-V) minutes in a Stomacher 400 Circulator (Merck Eurolab, 230 rpm). 
An amount of 50 µl of the liquid was pipetted onto one side of a Hygicult® slide (Orion 
Diagnostica). Slides were incubated for 4 days at room temperature (∼ 22-25 °C), after which 
the colonies were counted and the numbers of microbes were counted as colony forming 
units per gram of a dry fraction (cfu/gdw). For measurements of microbial content, one 
sample was measured as screening (III) or or as a background parameter (V). However, one 
sample in the determination of microbial content consisted of several dilutions and two sides 
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of a Hygicult were used, which increased the reliablity of these measurements. In IV, the 
variation between microbial contents of five samples was investigated. 
 
Microbial emissions were examined from a linseed fibre harvested after early frost, from 
frost-retted hemp fibre sample and from reference samples (Table 13) in 30%, 80% and 90% 
RH of air (T=20 ±1 °C). A sample fitted into a cylindrical frame (height 100 mm, diameter 
250 mm) was left for 7 d in a weather box with constant atmospheric conditions equal to 
those in the chamber, after which it was placed into an emission chamber with an air flow of 
4 l/min. The emission chamber apparatus (Figure 11) consisted of an air output unit, a 
purification unit, a moisterizing unit and a chamber (Virta et al. 2004). The purification unit 
was composed of an oil filter, two particle filters, a desiccant tube and an activated carbon 
filter. Details of the technical features,  and operation of the emission chamber are described 
in detail by Virta et al. (2004). The microbial emissions with 100 l/min airflow were 
measured on the 1st, 2nd, 7th, 14th and 21st days after putting it into the emission chamber. 
Microbial samples were collected using a MAS 100 air sampler with tryptone-glucose-yeast 
(TGY) and agar malt extract (M) agar petri dishes (Virta et al. 2004). The petri dishes were 
incubated at room temperature (22-24 °C) for 4-5 days, after which the amounts of mould, 
yeast and bacterial colonies were counted. The detection limit for the method was 5 cfu/m3. 
After the 21st day of the measurement series in 90 % RH of air, the sample was left to dry for 
6 d in 30 % RH of air, after which the microbial measurement was repeated. For emission 
tests only one replicate was measured due to the long duration of one test series (21-27 d). 
The method is described in detail in V. 
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Figure 11. Chamber for emission measurements (V). All operation units (of which only a part 
is shown in the Figure) are presented in the text and in detail in Virta et al. (2004).  
MAS sampler 
for microbes 
Air outlet 
Sample in the chamber 
Air inlet 
Sampling of 
the particles 
Sampling of 
the VOCs 
Moisterizing unit 
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3.4.3 Statistical methods 
 
The following statistical analyses were employed to examine differences between harvest 
times and correlations between quality parameters. Analysis of variance (Steel and Torrie 
1980), with a single criterion of classification was used to test differences of EMCs and the 
beginning of mass loss between harvest times. Each plant was tested separately using harvest 
time as a criterion of classification (I). Correlation analysis (Steel and Torrie 1980) was used 
to examine the connections between microbiological data and ash values (II). Analysis of 
variance (General Linear Model, Repeated Measures) of the SPSS statistical tool (Norusis 
2004) was used to test the differences between the samples and treatments (plants, fractions 
and harvesting times) (IV). Bivariate correlation analysis (Pearson’s correlation coefficients, 
two-tailed test of significance) of the SPSS statistical tool (Norusis 2004) was used to 
examine the possible correlation between moulds, yeasts and total bacteria, and between ash 
and microbial contents (IV). Linear regression analysis of the SPSS statistical tool was used 
to examine the possible effects of microbial emissions on emissions of VOCs and particles 
(air flow 100 l/min) (V). However, measurement of VOCs and particles in V is not included 
in the present thesis.  
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4 Results  
 
4.1 Properties characterising the overall ability of the production methods to produce short 
fibre material for insulations 
 
Shive content 
 
There was a wide variation range between different samples and replicates in the shive and 
fibre contents of the fibres. The first pilot equipment yielded lower shive content in the frost 
retted fibres, but with the second pilot no difference was observed between harvest times 
(Table 15).  
 
Table 15. Variation ranges of the fibre content of fibre fractions (% of the mass of the 
sample, d.b.) N=5.  
Equipment to produce fibre Fibre sample 
First pilot (I, II) Second pilot (III) 
Green flax fibre 61-81 62-78 
Green linseed fibre 16-22 48-59 
Green hemp fibre 45-63 79-87 
Spring flax fibre 89-92 65-74 
Spring linseed fibre 80-85 50-61 
Spring hemp fibre 1 67-86 89-92 
Spring hemp fibre 2 - 70-79 
- Sample was not measured. 
 
 
Dimensions: length and thickness 
 
The processed fibre and shive materials were heterogenic, which is seen as nearly log-normal 
length distributions (Figure 4, II, p. 47). Length distribution and thickness of fibres are 
reported in Table 1 (II, p. 44). The majority of the fibres were between 10-20 mm in length. 
Most of the shives were under 5.5 mm in length, but there was relatively high variation 
between different samples. The proportion of thin fibres (thickness the same as in elementary 
fibres) was high in the frost-retted fibres (74-81 %) compared to the green fibres (17-25 %).  
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Bulk density 
 
Bulk density of fibres measured with the container method was on average 25-32  
kg/m3 d.b. (II). There were clear differences between the densities of fibre (13-35 kg/m3 d.b.) 
and shive (116-390 kg/m3 d.b.). Fine hemp shive had a lower density (116-134 kg/m3 d.b.) 
than the fine Linum shives (161-338 kg/m3 d.b.). When the measurements were carried out 
with a small container, the results were similar except for green hemp: bulk densities, 
measured with the small container, were 16-31 kg/m3 d.b. (Figure 12). Frost-retted coarse 
shive was more dense (317-339 kg/m3 d.b.) than the corresponding green samples (123-179 
kg/m3 d.b.). There was no difference between harvest times in the densities of shives. The 
deviation was highest both in green fine and coarse shive. The densities of bast fibres and 
bast fibre insulations were 27-29 kg/m3 (d.b.) in the emission chamber measurement (V) and 
close to the densities of fibres measured with the container method (II).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Bulk density of fibres and shives (I-II). Columns are means and bars (± SD) 
standard deviations of five replicates.   
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Ash 
 
The ash amount was reduced by screening the finest fractions out from the fibres (Figure 13). 
Using the first pilot equipment, the clearly highest amount of ash was in the dust fraction 
(Kymäläinen et al. 2002, Kymäläinen 2003). However, the ignition was not perfect for the 
dust samples, probably due to the inorganic components. The fine shive had a higher dust 
content than the coarse shive. In the second pilot equipment (III) dust was not removed from 
the fibre and shive, which was reflected in somewhat higher ash amounts than in the fibre 
and shive from the first pilot. It is obvious that the soil and contaminated epidermis, 
containing high levels of inorganic and organic matter, were left on the finest screen. Ignition 
residues of the organic commercial insulations were between 1.8 % ± 0.2 % and 4.4 % ± 0.5 
% and are presented in detail in V. Glass wool and stone wool melted in the used temperature 
without ashing, and therefore the ignition residues were high (95 % ± 1.4 % and 98 % ± 0.8 
%, respectively). 
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a) Linum in autumn
0.0 2.0 4.0 6.0 8.0 10.0
flax fibre, green (I-II*)
flax fibre (green**)
flax shive (green, fine*)
flax shive (green, coarse*)
linseed straw, cut (IV)
linseed straw, windrow (IV)
linseed fibre (green*)
linseed fibre (green**)
linseed fibre, cut (IV)
linseed fibre, windrow (IV)
linseed shive (green, fine*)
linseed shive (green, coarse*)
linseed shive (green**)
linseed shive, cut (IV)
linseed shive, windrow (IV)
linseed capsules+leaves (IV)
ash % d.b.
b) Linum in spring
0.0 2.0 4.0 6.0 8.0 10.0
flax fibre in spring (*)
flax fibre in spring (**)
linseed fibre in spring (*)
linseed fibre in spring (**)
flax shive in spring (fine*)
flax shive in spring (coarse*)
flax shive in spring (**)
linseed shive in spring (fine*)
linseed shive in spring (coarse*)
linseed shive in spring (**)
ash % d.b.
Figure 13a-b. Ash results of Linum as means of five replicates (column) and standard 
deviations (± SD) (bar). IV and V refer to original publications. * and ** refer to unpublished 
results (see Table 13): materials marked with * are the same as in I-II and materials marked 
with ** the same as in III. 
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c) hemp in autumn
0.0 2.0 4.0 6.0 8.0 10.0
hemp straw b.f. (IV)
hemp fibre (green*)
hemp fibre (green**)
hemp fibre b.f. (IV)
hemp shive (green, fine*)
hemp shive (green, coarse*)
hemp shive (green**)
hemp shive b.f. (IV)
hemp straw a.f. (IV)
hemp fibre a.f. (IV)
hemp shive a.f. (IV)
ash % d.b.
d) hemp in spring
0.0 2.0 4.0 6.0 8.0 10.0
hemp straw in spring (IV)
hemp fibre in spring (*)
hemp fibre 1 in spring (**)
hemp fibre 2 in spring (**)
hemp fibre in spring (IV)
hemp shive in spring (fine*)
hemp shive in spring (coarse*)
hemp shive 1 in spring (**)
hemp shive 2 in spring (**)
hemp shive in spring (IV)
ash % d.b.
Figure 13 c-d. Ash results of hemp as means of five replicates (column) and (± SD) standard 
deviations  (bar). IV and V refer to original publications. * and ** refer to unpublished 
results (see Table 13): materials marked with * are the same as in I-II and materials marked 
with ** the same as in III.  b.f.= before frost, a.f. = after early frost. 
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4.2 Properties representing stability and hygienic quality of the fibre 
 
Capillarity 
 
Hemp was the most absorptive during the first five minutes in all fraction groups (II) at the 
test conditions (T = 20 °C, RH = 65 %). There was a clear difference between the 
capillarities of frost-retted plants: of the fibre samples, the frost retted hemp had the highest 
capillarity (51 kg/m2) and the frost-retted flax (23 kg/m2) and linseed (30 kg/m2) the lowest. 
The fibre and fine shives were the slowest to absorb water in the beginning of the test and the 
green Linum fibres in the middle. During the test period of 7 hours, the fine shive generally 
absorbed most water (38-51 kg/m2) and the coarse shive least (23-33 kg/m2). At the end of 
the 7 h test period the absorption rates were equalized and all samples absorbed water less 
than 0.05 kg/(m2 · s). Green flax fibre, green hemp fibre and frost-retted hemp fibre absorbed 
water in the top of the tube, and in this feature there were no differences between harvest 
times or plants.  
 
Moisture content (MC), equilibrium moisture content (EMC) and change of mass due to 
moulding 
 
Moisture content of the dried bast fibre plant samples was below 10% w.b. (IV,V). At the 
lowest RH of air (15 %), the EMCs of the green and frost-retted fibres were similar, and the 
same difference was also observed in fine and coarse shives (I). At 76 % RH of air the 
difference appeared to be similar (I), but later the EMCs of the green samples were found to 
be clearly higher than those of the frost-retted ones (III) at the same RH of air. Because the 
difference persisted at 85 % RH of air, we assume that the research method in the beginning 
(I) was not accurate enough to measure differences between harvest times. Thereby we can 
assume that the EMC of frost-retted fractions is lower than the EMC of green fractions in the 
case of both Linum and hemp, which is in accordance with theoretical assumptions.  
 
At the highest RHs of air (92 % and >98 % RH), almost all samples began to lose weight due 
to moulding. At first this did not appear to occur for all samples at 92 % and 98 % RH of air 
(I), which was due to the short, 14 d measurement period. When the test period was 30 d, all 
samples began to mould during the test period (III).  
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The mass of frost-retted samples began to decrease rather more slowly than that of the green 
samples in over 98 % RH of air, but the variation between replicates was considerable (I). In 
later investigations (III), the difference of the beginning time of mass decrease was also 
similar, but more investigations are needed to confirm this result. Before moulding, the green 
samples reached a higher MC than the frost-retted ones. Deviation was somewhat lower in 
the later investigations (III) than in the earlier ones (I). Despite the deviation, the difference 
between harvest times was clear. 
 
In the first experiments, the mass of the green samples was observed to have decreased more 
than that of the frost-retted samples during the 14 d test period (I). Later (III) the decrease of 
mass was not used as a parameter of moulding because it was found to contain sources of 
error. When the samples moulded, their masses decreased. In some cases the decrease of 
mass continued for a long time, but in other cases the increasing mass of the mould 
mycelium masked the decresing mass of the sample (III). 
 
Microbial content and emissions 
 
Microbial contents of fibres and commercial flax insulations are presented in Table 16. The 
amounts of moulds and yeasts were in the range of 103-106 cfu/gdw in the fibre samples, 
whereas in the commercial flax insulations they were 103 cfu/gdw or less. The amount of 
yeasts in the commercial flax sheet 1 and amount of moulds in the commercial flax sheet 2 
was under detection limit. The amount of total bacteria was in the range of 104-107 cfu/gdw in 
the fibre samples and 104-106 in the commercial flax insulations. All results of microbial 
contents are presented in III (Table 1, p. 59), IV (Figures 2 and 3) and V (Table 3 and Figure 
2).  
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Table 16. Microbial contents of fibres of flax and hemp and commercial insulations made of 
flax and hemp. Results for fibres in IV and V are variation ranges of five replicates. 
Orig. 
publ. 
Sample N* Moulds 
(cfu/gdw) 
Yeasts 
(cfu/gdw) 
Total bacteria 
(cfu/gdw) 
III Green flax fibre 1 2x104 2x104 2x105 
III Green hemp fibre 1 1x103 6x103 4x104 
III Frost-retted flax fibre 1 2x104 4x103 5x106 
III Frost-retted hemp fibre 2 1 1x104 1x104 3x106 
IV Linseed fibre, cut 5 2-5x105 5x105-1x 2-4x107 
IV, V Linseed fibre from windrow 5 10x104-3x105 5-8x105 2-4x107 
IV Hemp fibre before frost 5 2-8x104 7x103-4x104 2x105-2x106 
IV Hemp fibre after early frost 5 6x102-10x103 0-1x104 1-6x106 
IV, V Frost-retted hemp fibre 5 4x103-1x104 2x104-2x105 1-2x107 
V Commercial flax insulation sheet 1 1 1x103 n.d.   1x104 
V Commercial flax insulation sheet 2 1 n.d.  2x102 2x104 
V Commercial loose-fill flax insul. 1 10x102 3x103 1x106 
* Number of replicates. 
n.d. Under detection limit. 
 
Before early frost, the amounts of the moulds, yeasts and total bacteria were higher in the 
straw, fibre and shive fractions of linseed than in the same fractions of hemp (Figure 3 of IV). 
The yeast content of linseed shives was also greater than that of hemp shives in III.  
 
The fibre of hemp harvested after early frost or in spring had the lowest amount of moulds. 
According to IV, the amounts of moulds were lowest in the fibre fractions of both plants and at 
all harvesting times (Figure 2 of IV). However, unretted shives had a mould content similar to 
that of fibres (III). In most of the hemp fractions, the amount of moulds decreased somewhat 
after early frost. The amount of moulds increased slightly after the winter period both in stem, 
fibre and shive, but in the case of fibre the increase was negligible (Figure 3a of IV). Frost-
retted shives also contained clearly more moulds than the unretted shives in III. The mould 
content of the hemp straw was highest in the spring. However, the differences between 
harvesting times, fractions and plants were not statistically significant (IV). 
 
The effect of early frost on the amount of yeasts in the hemp fractions varied: the amount of 
yeasts increased somewhat in shive, decreased in stems, capsules and leaves, and remained 
almost at the same level as before the frost in fibre (Figure 3b of IV). During winter and spring 
the  amount  of  yeasts   increased  slightly  in  all  fractions  of  hemp.  The  amount  of  yeasts, 
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like the amount of moulds in the fractions of hemp and linseed, was somewhat affected by 
the separation process: there were slightly less moulds and yeasts in the fibre and shive than 
in the straw, capsules and leaves (Figure 3a-b of IV). However, the differences were not 
statistically significant (IV). 
 
The amount of bacteria was somewhat lower in fibre and shive than in straw of linseed and 
hemp before frost and in hemp after winter (IV). The effect of early frost on the amount of 
total bacteria of the hemp stem appeared to be negligible in the straw, but in the fibre and 
shive the amount of bacteria increased slightly and in the capsules and leaves decreased 
during the early frost (IV). During the winter and spring period the amount of bacteria 
increased especially in the stems but also in the fibre and shive fractions (III, Table 1, p. 59 
and Figure 3c of IV). 
 
When the microbial emissions of the insulations were examined at 90 % RH, the amount of 
moulds was in the range of 103-105 cfu/m3 in maximum in the case of the flax and hemp 
insulations (V). There was no conformity about the time when the maximal amount of 
moulds in the air of the chamber was measured. After drying at 30 % RH, the amount of 
emitted moulds was higher in all cases compared to the emissions of the previous 
measurement in 90 % RH. The amount of moulds did not exceed the detection limit when the 
stone wool, glass wool and recycled paper insulations were in the chamber at 90 % RH. A 
similar result was obtained from the commercial flax sheet 1 in both 30 % and 80 % RH and 
of the hemp fibre and recycled wood in 80 % RH. The commercial loose-fill flax emitted less 
than 4.0 x 102 cfu/m3 moulds in 80 % RH. The amount of yeasts and bacteria did not increase 
markedly in the air of the chamber at any of the examined conditions. After the emission 
measurement at 90 % RH, the amount of moulds increased in the bast fibre insulations 
compared to the initial microbial contents. After the emission measurements at 30 % and 80 
% RH, the microbial contents decreased somewhat or remained the same as before 
measurements.  
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5 Discussion  
 
In order to produce short fibres by inexpensive means, pilot processes were established. 
Some of the quality properties, i.e. shive content, length, thickness and bulk density were 
used mainly to estimate the overall ability of the production methods to produce short fibre 
material for insulations. Secondly, some of the parameters (microbial content, ash) were used 
to examine the hygienic quality of the fibre. Thirdly, methods were selected to characterize 
changes in the quality of the fibre during the processing chain before it is processed into 
insulations. Bearing in mind that insulations are a relatively low-cost application for bast 
fibres, it is intended to simplify the production chain, including processing steps outdoors.  
Moisture, both from vapour from air and free water from the ground or rain, is a threat in all 
phases of the production chain. The production chain includes many hazards for quality both 
in the harvesting, processing and storage phases. 
 
In the present study, a wide range of measurements were made for fractions of Linum and 
hemp, harvested in the autumn and in spring. In most cases, clear differences between 
samples were found to support conclusions between harvest times, fractions or plant species. 
Important factors determining quality properties are presented in Table 17. The samples were 
taken evenly from the fields, and sampling and examinations were randomized in most cases, 
which increases the reliability and validity of the measurements. In addition, some results, 
e.g. differences between harvest times which reflect changes in the chemical composition and 
morphological structure of the fractions, were obtained from different parts of the study. As 
was shown in Section 1.3 (Table 5), the chemical composition of the fibre and shive fractions 
of Linum and hemp are different. Furthermore, results of Thygesen, Koivula and Kymäläinen 
(unpublished) show that frost treatment results in removal of minerals and water-soluble 
extractives, thus increasing the cellulose fraction of fibres from 60 % to 65 %, which is in 
accordance with information in Table 5. Furthermore, division of the fibre bundles into 
elementary fibres and possibly futher into fibrils affects the properties of the material due e.g. 
to differences in porosity. Microscopical pictures of the unretted and retted fibres were 
shown e.g. by Kymäläinen (2003) and Pasila (2004).  
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Table 17. Important factors determining quality properties of fractions. X = important, -  = 
less important. Parentheses indicate that the connection was not focused on in the present 
study. 
Factors determining quality properties 
Retting degree 
Quality property of fractions 
Chemical 
composition
* 
Morpholog. 
structure 
* 
Microbial 
content of 
plant 
Mechanical 
processing 
** 
Atmospheric 
conditions 
Shive 
content 
- X - X (-) 
Length - - - X - 
Thickness - X - X - 
Bulk density - X - X (-) 
Properties 
characterising the 
overall ability of 
the production 
methods to produce 
short fibre material 
for insulations 
Ash X - - X - 
Capillarity X X - X (X) 
MC X X - - X 
EMC and 
change of 
mass due to 
moulding 
X - X - X 
Microbial 
content 
- - X X X 
 
 
 
Properties used to 
examine stability 
and hygienic 
quality of the fibre 
Microbial 
emissions 
X - X - X 
* Morphology is closely correlated with chemical composition. 
** Affects chemical composition (← division between bast fibres and xylem) and morphology (e.g. fibrillation) 
of the fraction. 
 
 
Because of the heterogeneous nature of the fractions, considerable deviation was observed in 
many of the measurements. This is in agreement with the overall trend in the literature (see 
Section 1.3), although detailed information on fractions and most of the measured parameters 
is difficult to find in the literature. However, in many cases the differences between materials 
were clear despite the deviations. A reasonable number (3-6) of replicates was measured in 
all cases except in the emission measurements, when the long-lasting measurement period 
did not allow repetitions during the present study. However, some validative repetitions were 
made in order to predict deviation in the emission results. In the other measurements, 
increasing the repetitions would not markedly decrease deviation, which is due to 
heterogeneity of the material. Reasons for deviation and validity of the individual 
measurement methods are discussed in Section 5.1 and in the original publications. 
 
In Section 5.1, results will be compared with values found in the literature in the cases when 
appropriate information was available. However, in most of the mesurements no comparative 
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data was available or the measurement details in the literature were insufficient or differed 
markedly from those of the present study. 
 
Examining the effect of different temperatures and RHs, together with the effects of 
fluctuation of atmospheric conditions (alternation of temperatures and RHs of the air) on the 
quality properties would provide valuable information on the quality properties. During the 
present investigations the range of the atmospheric conditions could not be increased due to 
the limited laboratory capacity and duration of most of the measurements. However, on the 
basis of this study, important characteristics in the production chain of bast fibres were 
identified and a considerable amount of new information was obtained for definition of the 
needs for future research (see Section 5.3). 
 
 
5.1 Evaluation of the research methods and measured quality properties in relation to 
harvest time, processing and atmospheric conditions  
 
5.1.1 Properties characterising the overall ability of the production methods to produce 
short fibre material for insulations 
 
Shive content 
 
The shive content varied greatly in the fibre samples of the present study. Use of a larger 
sample size could increase the reliability of the measurement. However, the variation was 
mainly explained by real variation (heterogeneity) of the material. Shive was partly loose in 
the fibre fraction, which was mainly due to the inefficiency of the separation process. Heino 
et al. (2000) also concluded that by developing the screening drum (e.g. diameter of the 
drum, shape of holes) more shive could be removed from the fibre fraction. Part of the shive 
was attached to the fibre, which was mainly determined by the retting degree and the amount 
of mechanical processing. The green fibres were more attached to shive than the frost retted 
fibres, which may have increased the stiffness of the stem and the amount of long shives. 
Furthermore, the tissues of the stem are seldom discrete (McDougall at al. 1993). Many 
fractions contained other parts of the plant as an impurity. However, the fractions that were 
examined were produced using existing technology. Several features of the fibre differed 
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from the features of other fractions, and therefore the term fibre fraction can be accepted for 
this study.  
 
In the present study, parts looking like pure fibre were defined as fibre fraction and the 
conglomerates of fibre and shive were considered as shive. Using a chemical measurement 
(e.g. Ihrsén and Sundberg 1995) the true difference between fibre and shive could be 
determined, but the chemical method does not give an indication of the conglomerates of 
fibre and shive which are important factors in determining the quality of raw materials for 
insulations. The method was justified and possible to perform, although labour demanding. 
Other methods for defining the shive content have also been proposed, i.e. absorbancy of 
water and image analysis (Tavisto et al. 2001), but they need more development.  
 
The aim of the study was to produce fibre suitable for loose fill insulations. There is no exact 
limit for the shive content in thermal insulations, and the limit is thus only a commitment 
between the producer of the insulations (including requirements of the customer of the 
insulation) and producers of the raw material. However, shive increases heat conductivity 
(Murphy et al. 1997) and smouldering (Kauriinvaha et al. 2001). According to the literature, 
the shive content of fibre can be decreased by milling dry (MC 10-12 %) and not moist (16 
%) stems (Schölin 1991), using a smaller screen size in milling (Ihrsén and Sundberg 1995) 
and milling the stems shorter with a small screen size of the hammer mill (Kymäläinen 
2003). According to Kauriinvaha et al. (2001), the screening drum can be developed by 
selecting appropriate screen sizes and increasing the length of the screen. The screening rate 
also affects the screening result. If a maximal amount of fibre is fed into the drum, the 
separation result weakens (Heino et al. 2000). Screen drums have been ranked as reliable but 
rather ineffective related to their size (Kauriinvaha et al. 2001). According to Ihrsén and 
Sundberg (1995), several chemical and mechanical phases can be added to the separation 
chain. Heino et al. (2000) and Pasila (2004) stated that if the stems were very dry during 
baling, the shive was broken (snapped) and an increasing amount of shive was left on the 
field. This is an advantage if the shive is not utilized. Otherwise it increases losses in 
production. 
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Dimensions 
 
Deviation in the dimensions of the fractions reflects differences in the material, which was 
heterogeneous. Increasing the number of length measurement from 100 to a higher number 
(e.g. 500 as standard SFS 5017 (1984) suggests), the deviations would decrease. However, 
the aim of the research was to obtain information on the length distribution of the milled 
materials, for which no previous published data were available. This aim was obtained with a 
resonable number of measurements. The method of length measurement was suitable for the 
fractionated fibre but it would  not be suitable for fibres under 5 mm in length. Tissues of a 
dry plant may have shrunk during drying (Uotila 1996), and the measurement is therefore 
applicable only to dry materials. Other methods, i.e. automatic measurement systems are not 
suitable for bent and curled fibres with a large variation of length. The measurement system 
for cotton is capable of measuring fibres of max 12.7 mm in length (Bragg and Shofner 
1993). For long spinning fibre and tow, several weighing and grouping techniques have been 
developed, but they are not suitable for such short fibres as in the present study. The method 
was labourious, but still a viable method (Warner 1995). The reliability of the measurement 
was affected by the amount of bent, curled and branched fibres, the conglomerates of fibres 
and shive and the moisture content.  
 
In the present study, the maximum of the fibre length distribution was approximately 1/3-2/3 
of the diameter of the screen hole diameter (I, II). The plant species or harvest time caused 
only minor variation in the length of the fibres. The weakness of the frost-retted fibres did 
not lead to shorter fibres after processing but the fibres were more bent, folded and curly than 
the green fibres, which were straight and stiff. The milling method, i.e. the screen size was 
obviously the most determinative factor for the length distribution. Ihrsén and Sundberg 
(1995) also obtained a wide length distribution using a similar milling and screening system 
to that used in the present study.  
 
In the spring-harvested fibres the proportion of fibres of small diameter was high due to the 
effective frost retting. This was also observed in microscopical figures (Kymäläinen 2003) 
and is in agreement with the preliminary observations of Pasila et al. (1998). The relation 
between thin and thick fibres affects the properties of the fibres, because the surface area of 
the fibres increases after retting and the chemical composition changes due to removal of 
glueing agents (e.g. pectin) during retting. According to Mauersberger (1948), hemp fibres 
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cottonize more easily than fibres of flax. In the measurement of thickness, thickness and 
width were not distinguished from each other, but this did not affect the main results or the 
conclusions from the measurements. The fibres and shives were selected randomly for the 
measurement, and average results were obtained. The thickness of the fibre varies in different 
parts of the plant (Franken and Heyland 1993), but this does not have the same meaning for 
milled material as for textile fibres. The thickness of a fibre is usually measured from a cross 
section preparation as the diameter of the fibre (Greaves and Saville 1995), but also from 
length preparations (SFS 4463, 1980). There are optical devices for measurement of the 
thickness of the fibre, and image analysis has also been used (Greaves and Saville 1995). The 
particle distribution of saw dust has been estimated with a particle size distribution 
(Hänninen et al. 1997), but this is only suitable for shive. 
 
Bulk density 
 
Deviations of the bulk density (N of replicates = 3) were low except in the fine shive of the 
green linseed. Due to the heterogeneity of the materials the deviation might have been 
expected to be higher than the results obtained. The bulk densities of fibres of flax and hemp 
fibres were approximately equal. The density of the fibres but also their length, shive content, 
retting degree, stiffness and forming of conglomerates affected the results of bulk density of 
the present study. The bulk density of the flax fibre was close to the density of a flax 
insulation 25 kg/m3 (Murphy et al. 1995). The density of hemp shive (116-137 kg/m3) was 
similar to that reported in the literature (100-140 kg/m3) (Murphy et al. 1997). The literature 
values are perhaps based on samples harvested in autumn, processing and measurement 
methods are different than in the present study, and therefore strict comparison with the 
values in the literature cannot be made. Because density can be defined in different ways and 
measured with various methods (Section 1.3), the method and measurement conditions 
should always be quoted in reports of density measurements (Mark and Gillis 1983). In V, 
the bulk densities of bast fibre insulation sheets were similar compared to the bulk densities 
of inorganic insulations. 
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Ash 
 
Clear differences between ignition residues were measured, which provided an estimate of 
the inorganic components of the samples. Ash was examined as a general quality parameter 
and tested as an indirect factor of hygienic quality (III, IV). This is justified by the fact that 
soil is a rich reservoir of microorganisms, which are potential spoilage organisms if present 
e.g. in foods (Adams and Moss 2002). Soil contains typically 107-109 bacteria per gram of 
soil (Harris 1988), which is in most cases more than the amount of bacteria in the fractions of 
bast fibre plants in the present study. Ash can be used in detecting soil contact causing 
mineral contamination of stems. Stems that contained high amounts of soil have been 
reported to have exceptionally high ash levels (Kymäläinen et al. 2002). However, the ash 
amounts were low in the present measurements and the amount of soil contamination was 
thus low. In V, several microbes were identified, including some possibly producing toxins. 
On the basis of this study it is not possible to conclude which of the microbes were of soil 
origin. Soil contamination can be decreased by harvest technology e.g. by avoiding treading, 
cutting the stems instead of pulling, developing the separation spaces, and by separating the 
fine matter from the fibre. According to Sharma (1992a), retting can decrease the mineral 
content of shive. For unretted shive the ash content was 3.1 % and for retted 1.2-2.0 %. This 
is in accordance with the results of the coarse shive from the first pilot and all the results of 
IV. However, the difference between the green and retted samples could not be seen clearly 
in all shive fractions. The effect of possible soil contamination on the ash amount is 
discussed in IV and on microbial quality in IV and V. 
 
Ash (N of replicates = 5) values had low standard deviations in most cases. In the two cases 
where deviation was somewhat higher (one linseed shive and one linseed straw sample), the 
deviation was probably due real differences in the examined material. All dust samples and 
some reference samples (V) were not perfectly ignited, which was observed as hard, non-
ignited parts in the ash or ignition residue. The non-ignited parts increased the mass of the 
ignition residue of the samples. Ash from the second pilot process was discussed in detail in 
III-IV. A higher ignition temperature than 600 °C could have been used for samples 
containing soil. However, the most common component of ash, calcium carbonate, 
decomposes partly at temperatures over 525 °C (Hausalo and Söderhjelm 1999). The 
measured ash amount may thus be somewhat lower than the true values. On the other hand, 
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Archibald (1992) referred to an ignition temperature as high as 900 °C for flax. Ash 
measurement can be complemented with analysis of composition of ash (Hausalo and 
Söderhjelm 1999), but for the present purpose it was not considered essential.  
 
 
5.1.2 Properties representing stability and hygienic quality of the fibre 
 
Capillarity 
 
The standard deviation of 5-10 kg/m2 in the measurements of capillarity (N of replicates = 5) 
was lower than the main differences observed between the materials, the most important 
being the high capillarity of the frost-retted hemp fibre. The conclusion drawn concerning the 
differences between the samples were therefore justified. The clear difference in the 
capillarity of fibre and shive can be understood on the basis of their different chemical and 
physical parameters (e.g. homogeneity of structure, separation degree of fractions, amount of 
lignin, length, thickness and surface area). This was discussed in more detail in II. The 
contact angles of fibre and shive were assumed to be different (II), but Tavisto et al. (2003) 
showed that this may not always be the case. Differences between fibres were assumed to be 
due to differences of contact angles: it was assumed that the surface of the spring-harvested 
linseed and hemp fibres is oily, which would lead to a large contact angle and poor wetting. 
However, in the study of Tavisto et al. (2003) this was not confirmed. The surface may be 
heterogenic: in one place hydrophobic, in another hydrophilic. A poor separation degree 
(high shive content) can explain part of the similar behaviour of the green samples in the 
capillarity test, because the capillarities of shives were similar to each other. The fine shive 
contained other parts of the plant, such as fibre and epidermis, which affected the capillarity. 
On the other hand, the fine shive was shorter and thinner than the coarse shive, and the 
smaller amount of air increased capillary suction. This was observed as a difference of 
capillarity between the fine and coarse shive, which was affected by the increased surface 
area of the fibre. The coarse shive was the most homogenic as a group. This is explained by 
the high lignin content of the shive. Lignin remains undegraded in retting (Akin et al. 1996), 
although fibre gumming substances are degraded. The shape of the capillary curve follows 
the theoretical prediction (II). The heterogenicity and porosity of the fibres was discussed in 
detail in paper II. In the literature the glass and stone wool insulations are also found to wick 
 71
capillary water (Strother and Turner 1990), but due to different measurement methods 
quantitative comparison with the results of bast fibres of the present study is not possible. 
 
When the absorption capacity of fibres is of interest, a prolonged test is justified. The method 
used in the present study was later developed by Tavisto et al. (2003), e.g. increasing the 
accuracy of the vertical capillary rise method and thus the applicapability of the method for 
measurement of the wicking rate in short measurement periods. In the improved method the 
moment of contact between the fibre and liquid is defined and performed more accurately 
and precisely, and the measurement frequency is high due to the automatic registration. In 
addition to the absorbed amount of liquid, a short-term experiment is suitable for 
measurement of the absorption rate. In the present study, new information was obtained 
about the differences of the capillarity of the fractions, but for quality inspection the method 
is slow. However, Tavisto et al. (2003) considered the developed method to be appropriate 
for quality inspection of absorptivity.  
 
Moisture content (MC), equilibrium moisture content (EMC) and change of mass due to 
moulding 
 
In the EMC measurements, some fluctuation of the mass was observed after reaching the 
EMC. The reliability concerning the correct moment for determining the mass proportional 
to the EMC was increased by systematic research methods, with one individual being the 
determinator of the attainment of EMC. Only minor variation was therefore caused by this 
factor in the EMC determination. MC was used only as a backround parameter and the low 
sample number of 1-2 was therefore justified. 
 
The EMC of the frost-retted fractions and higher MC before moulding differed from those of 
the green fractions especially in humid conditions. There were also differences in the 
moulding tendency, but they were less clear. According to Heino et al. (2000), the EMC of a 
plant fibre insulation depends on the harvest time, quality and processing and additives. For 
insulations made of flax or hemp a high EMC is typical compared with the EMC of e.g. 
mineral wool (Heino et al. 2000). The information from the EMC measurements can be 
utilized in planning atmospheric conditions for processing, storage and transportation. The 
problem of moisture exists until the EMC of the material stabilises at an accepted level. In 
practice problems are related to moist stems at harvest, if they are stored moist or in moist 
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conditions and tightly packed. Storage outdoors is a clear risk (Kauriinvaha et al. 2001), 
especially in countries with high RH and considerable variations of RH of outdoor air. A 
moist raw material must be dried.  
 
Mould content does not necessarily correlate with the moulding tendency in the EMC test. 
According to Kymäläinen (2003), a flax sample with a high microbial content began to lose 
mass rather slowly, and a hemp sample with visible brown rot spots on which mould began 
to grow, lost its mass very slowly in humid air. In a study of Westermarck et al. (1996), the 
initial mould spore content of straw and wood material also had only little effect on the 
development of mould. A high plant density prevents the plant from lodging and therefore 
prevents fungal infections (Struik et al. 2000). The moulding tendency of fibrous materials 
has been prevented with mould-preventing agents (Kauriinvaha et al. 2001), but these 
substances are added to the manufacturing process of insulation and do not affect the stability 
of raw material. For retted textile fibre, addition of antimicrobial substances as an alternative 
to expensive drying has been suggested, but there are not enough studies about the subject 
(Sharma 1992a). For insulations, the cost factor could be very significant. 
 
 
Microbial content and emissions 
 
The microbiological status of different parts of Linum and hemp plants varies during the 
growing season and due to climatic changes in the field (Koivula et al. 2004). Furthermore, 
different fields, climates and agronomical technologies and habits may cause variation in the 
measurements of fibres. However, similar microbiological properties were measured from 
several commercial flax-based insulations with various backgrounds. The microbial contents 
of fractions of fibre hemp and linseed varied between 103 and 109 cfu/gdw (III, IV). In a study 
by Hemming et al. (1996), the microbial contents of reed canary grass were determined 
separately for different genera of fungi, e.g. Cladosporium and Penicillium. In their study, 
the general microbiological quality was ranked acceptable. However, the amounts of 
different fungi were noticeable (between 103 and 105 cfu/g). In the present study the total 
amount of fungi can be considered as a reference value for future studies. Inappropriate 
storage conditions may increase the microbial content markedly. Bast fibre plants or fibres 
are typically stored in bales. A study of baled hay showed that the water content of the 
herbage at the time of baling was the most critical factor determining the subsequent 
 73
microbial succession and the degree of heating attained (Gregory et al. 1963). Retted flax can 
be stored for several years if the moisture content is below 15 %, and over 16 % moisture 
content will allow the retting to continue (Sultana 1992). In a study by Hemming et al. 
(1997), the amount of microbes also increased in reed canary grass during outdoor storage in 
bales. In the present study, frost increased the bacterial contents but decreased the amounts of 
moulds and yeasts in the fractions. Mechanically separated fibre and shive contained less 
microbes than the stalk and the purification method used was capable of increasing the 
hygienic quality of the fibre. 
 
In the present study (V), microbes were investigated with an MAS sampler from air flowing 
through the insulation in an emission chamber. Some of the microbes (moulds, yeasts and 
bacteria) attached to the insulation material were released from the insulation due to air 
movement, which resulted in microbial emissions. In RHs of 30 % and 80 %, in which 
conditions were not as favourable for reproduction as in the RH of 90 %, the amount of 
microbes decreased in some materials, which may be a result of detachment of microbes 
from those materials. After drying of the insulations after the test in 90 % RH, the microbes 
were increasingly detached from the bast fibre insulations. This may be due to real increase 
of the microbes, or the existing microbes may have detached more due to the lower moisture 
content of the materials. In addition, spore generation may have resulted from the decrease of 
RH from 90 % to 30 %. The rate of release of microbes from an insulation material depends 
on the microbial species, the age of the mycelia, the contact between the microbe and fibre, 
relative humidity of air, temperature and airflow over or through the surface. The microbial 
emissions are discussed in detail in V.  
 
 
5.2 Suitability of bast fibres of Linum and hemp for thermal insulations 
 
The functions and requirements of the insulations were presented in Section 1.3.1. Bast fibres 
are suitable for insulations due to their fibrous and porous botanical structure (Figure 4), 
which provide suitable properties for fulfilling the main function of the insulation. As 
presented in Table 9, thermal performance of the bast fibres is in general similar to that of the 
conventional products. The variation of length, shown in the present study, may allow the 
fibres to settle evenly in the insulation, thus decreasing air permeability. However, the 
thermal conductivity of inorganic inculators increases when moisture content increases 
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(Sandberg 1987) and we can argue the same for the cellulosic insulations, leading to reduced 
thermal performance. The absorptivity of hemp fibre was very high compared to that of 
Linum. In studies by Heino et al. (2000) and Tavisto et al. (2003), the water absorption of 
loose fill hemp insulation was also high compared to that of a similar flax product. The 
capillarity of the hemp fibre is so strong that the production, storage and use of hemp 
insulations require extra care to avoid contact with free water. In a study by Hansen and 
Bunch-Nielsen (1993), the capillarity of glass and rock wool insulations was relatively low. 
Correspondingly, in a study by Kauriinvaha et al. (2001), the capillarity of bast fibrous 
insulations was two- to ninefold that of mineral wool, measured with a similar method as in 
the present study. 
 
All bast fibre materials absorb water, which may lead to decrease of quality because moist 
fibres will easily mould. Moulding affects the overall quality of insulations, but the possible 
effect of moulding on technical performance was not examined in this study. A high amount 
of shives may also increase the thermal conductivity. The shive content was high for thermal 
insulations in many of the fibre samples examined in the present study. The shive content 
varied considerably in the commercial products, indicating variations in production chains. 
 
Furthermore, the material is biodegradable, which is an important supportive function. Bast 
fibres can be composted or burnt. Synthetic binders may not be compostable, and they will 
probably be prohibited in the “Natureplus” quality mark (Natureplus 2002b). Resistance to 
microbes is also required in the “Natureplus” quality mark (Natureplus 2002d, 2002e). This 
will evidently lead to a need to use a great amount of additives in the insulation, because bast 
fibres in themselves are not resistant to microbes and the use of organic binders, e.g. starch 
increases the nutrient level of the insulation and thus promotes moulding.  
 
 
5.3 Development potential and needs for research in the future 
 
Requirements of insulations related to their functions (Section 1.5) provide a basis for quality 
requirements for the fibre. To be able to meet the acceptable (planning) quality, a quality 
system must be implemented throughout the production chain. For example implementation 
of principles of the HACCP (Hazard Analysis Critical Control Point) system, which is 
obligatory in the food industry and has been adopted in the food packaging industry (Sjöberg 
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et al. 2002), should be a good management tool. However, the insulation companies, their 
R&D and customers have a critical role when focusing on products of high quality. In 
general, the quality of the fibres can be measured from the stem or fibre and indirectly from 
the fibre matrix. It would be ideal if the properties of the fibre could be predicted as early as 
in the field. The dipslide method could possibly be developed to fit measurements from the 
field to the end of the production chain. In the present study, several quality properties of 
fractions were examined for the first time. On the basis of the results of this study, no exact 
limit values could be given for quality requirements, for which a larger amount of data would 
be needed. 
 
The industry must be able to rely on the availability and quality of the fibre raw material in 
the long term. However, availability is closely connected to the economy of the production. 
If the profitability of agricultural production is unsure, the cultivation of bast fibre plants is 
not continuous. One precondition for continuity of cultivation of these plants is a working 
production chain for all steps from the field to the insulation factory, including processing 
plants or mobile units that are close enough to the insulation factories. 
 
Marketing of the bast fibre insulations is essential but it needs supporting research and facts. 
The price may not be the most determining factor in the selection of insulations, because 
selection of natural fibre raw materials is a consequence of value and environmental choices 
(Lillrank 1990). On this basis, the somewhat higher price may be justified. However, to keep 
the price at an acceptable level, we must look at the costs of the raw materials. The 
traditional production of long spinning fibres is too expensive for insulations. One possibility 
to increase the profit is to exploit the plant totally, using both seeds, fibre and shive of e.g. 
linseed as raw materials (Pehkonen et al. 2000). Spring harvest offers one alternative for 
production of fibres. The porosity, relatively low mould content and nutrient content of 
spring-harvested fibre could be utilized in thermal insulations, whereas e.g. the weakness of 
the fibres makes them unsuitable for rigid structures. However, critical questions for the 
spring harvest are climatic conditions and cultural uncertainty factors. For fibre hemp, one 
uncertainty is caused by the connection with the drug hemp. 
 
The focus of the present study was on the production chain of bast fibres for insulations. In 
the future, a system level investigation would be necessary. The performance of the 
insulations in building structures was investigated e.g. by Kauriinvaha et al. (2001) with 
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recommendations for the use of wind and vapour barriers and increasing resistancy against 
moulding by using e.g. a 50 mm thick mineral wool layer outside the flax fibre isulation. A 
similar thickness of flax insulations compared to mineral wool is sufficient. Emissions from 
the whole wall structures should be investigated in more detail in the future. From the point 
of view of indoor air, Jones (1999) pointed out the need for systems-level research and 
investigations of interdependencies. On the other hand, he suggested that simple measures, 
i.e. the selection of building materials on the principle that the emission of pollutants should 
be as low as possible, may be beneficial. The present study provides answers to that question 
of emissions of insulations. The possibility to decrease negative effects of moisture (i.e. 
moulding) using e.g. additives and thermal processes in production of the insulations should 
be investigated.  
 
The present study focuses on raw materials for thermal insulations, but the same kind of 
materials and fibre-adhesive networks can also be used for other applications such as 
packages or composites. The data obtained in this work is thus also useful for these branches, 
where the same basic questions concerning e.g. the hygienic quality of the fibres must be 
taken into consideration. One possible direction for developing the use of the fibre mats or 
loose fill fibres is to examine the relationship between the fibre matrix and adhesives. Several 
studies (e.g. Beckmann 1998&2001, Hepworth et al. 2000a&b, Bos et al. 2002, Yachmenev 
et al. 2002, Madsen and Lilholt 2003, Müller and Krobjilowski 2003, Papadopoulos and 
Hague 2003, Hautala et al. 2004) have focused on the use of bast fibres in composites. 
However, decay and hygienic quality have not been included in those studies. 
 
The present cultivation area of flax and linseed in Finland is small compared to the major 
producing countries (Figures 1 and 2). In the future there is field potential to increase the 
cultivation of non-food plants in Finland. The future EU requirements may lead to increasing 
demands for use of biomaterials and biofuels. In addition, plants yielding both food and non-
food fractions can be promoted. One example of the potential of total exploitation is the 
linseed plant. Bast fibres offer one possibility for small enterprises. However, special 
strength factors must be examined and innovative applications promoted in order to be 
competitive in the markets of bast fibre products. Assessment of quality should not be seen as 
a supportive function but as a basic prerequisite. 
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6 Conclusions 
 
1. The overall ability of the production methods to produce short fibre material for 
insulations were characterized by the following criteria: shive content of fibre,  length, 
thickness, bulk density and ash. Properties characterising stability and hygienic quality of 
the fibre were capillarity, MC, EMC and change of mass due to moulding, microbial 
content and microbial emissions. With the selected methods it was possible to 
characterise changes of the quality of the fibre during the processing chain. This 
information complements the existing knowledge of thermal insulations. 
 
2. According to the present study, the quality of the fibre can be affected by the following 
conditions and technological means.  
• Shive content of the fibre may be decreased by milling retted, dry stems with a small 
screen size and using effective screening methods. With the equipment used in this 
study, shive residue could not be removed completely. 
• Ash amount of the fibre can be reduced by retting and removing the finest particles 
with screening. Soil contamination, which increases the ash amount, is a risk for 
hygienic quality but in the present study no correlation was found between the 
microbial and ash contents of the fractions.   
• The diameter of the screen hole of a hammer mill must be approximately 1.5-3 times 
the required length maximum of a required length distribution, which will be nearly 
log-normal.  
• Frost-retting yields bent, folded and curly fibres with a high proportion of fibres of 
small diameter. Frost-retted fibres contain less moulds but more bacteria than fibres 
harvested in autumn. The frost-retted fibres absorb less moisture from air and may 
resist moulding somewhat better than unretted fibres. The spring-harvested hemp 
fibres have a high capillary absorption rate. 
• When harvesting the stems green in autumn, straight and stiff fibres that separate 
poorly from stems are obtained. The unretted or slightly retted green fibres have a 
higher EMC and they mould easily due to their higher nutrient content compared to 
frost-retted fibres. 
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• The hygienic quality of bast fibre plants can be assessed with dipslides. The milling 
and separation process yields fibres with lower microbial content compared to the 
stem in the field or after harvesting. 
• All the examined bast fibre raw materials and commercial insulations made of bast 
fibres mould in humid conditions (> 90 % RH of air), leading to emissions to air. 
Drying increases emissions of a moist, moulded bast fibre material. To avoid these 
effects, increase of additives, reduction of the nutrition level of the bast fibres or 
restriction of RH is needed. 
 
3. The bast fibres of Linum and hemp are suitable for insulations due to their thermal 
properties and some ecological features, i.e. biodegradability. At the moment the Finnish 
production of bast fibre raw material is insufficient for effective production of bast fibre 
insulations, but total exploitation of the linseed plant offers one possibility for meeting 
the raw material needs. However, careful procedures during harvesting, processing, 
manufacturing and building are required in order to avoid the risk of negative effects 
caused by moisture and free water. The nutritional level (retting degree) of the fibres is an 
important determinator affecting the decay of these fibres. Bast fibres as a natural 
resource have a risk for microbial and other contaminants, and their quality should be 
monitored regularly. 
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